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Abstract 
At the current rate, global warming will render large portions of our planet uninhabitable in 

the foreseeable future. Therefore, finding a clean and renewable energy source that can 

replace the current fossil reserve-based industry will be one of the major challenges of the 

21st century. A worldwide industry based on solar power seems to be the obvious solution to 

this problem. The sun provides more than enough energy for our current needs and 

harnessing that power does not produce any pollutants, in stark contrast to fossil sources. 

However, current technology is not advanced enough to fully replace conventional energy 

sources. In the energy sector, solar cells are used to produce electricity, but they are still 

expensive and lack the required high efficiencies. In other important industries, the required 

solar powered technologies are still underdeveloped. Among these are important fields such 

as CO2 reduction, water splitting, or chemical reactions powered by light in general. The 

products of all these reactions are energy enriched substrates, so-called solar fuels, that can 

be used in the transport sector or at times when no sunlight is available. 

Main investigations in these research fields are focusing on precious metal complexes. 

However, for a global scale application of photocatalyzed reactions, systems based on 

abundant, inexpensive elements are required. 

The research presented in this thesis focuses on photoactive metal complexes based on 

inexpensive first- and second-row transition metal complexes of manganese and 

molybdenum. The underlying photophysical properties as well as current progress on 

photoactive first-row transition metal complexes will be discussed in chapter 2 of this thesis. 

In chapter 3, two new isocyanide complexes of Mn(I) are presented. Both of these air-stable 

complexes exhibit MLCT luminescence in solution at room temperature. This represents not 

only the first report on MLCT luminescence from Mn(I) compounds, but these are also among 

the first examples of any first-row transition metal complex exhibiting MLCT luminescence 

(apart from Cu(I) complexes, whose electronic structure makes MLCT luminescence easier 

accessible). Both complexes were successfully employed as photosensitizers in energy and 

electron transfer reactions. Further interesting photophysical properties of these complexes, 

as well as their synthesis, will be discussed in this chapter. 

The two publications presented in chapter 4 provide new insights into the properties and 

photocatalytic applications of Mo(0) isocyanide complexes. The introduction of bulky groups 

on the ligands leads to rigidification of the complex and more efficient shielding of the active 

metal centre from the chemical surrounding. This structural change increases the excited-

state lifetime and the photoluminescence quantum yield by one order of magnitude 

compared to a previously reported analogue. These enhanced properties, in combination with 

the high exited state oxidation potential, enable the application of this complex in challenging 

photoreactions. 

Chapter 5 provides a brief conclusion on low-valent isocyanide complexes of earth-abundant 

metals as well as possible future research and improvements in this area. 
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Finally, photoinduced electron transfer in oligo-1,2-naphthylene linked donor-acceptor 

compounds was investigated. Unusual distance dependencies of the electron transfer rate 

were found for different lengths of the helical 1,2-naphthylene linker units which can be 

explained by “shortcuts” through close noncovalent intramolecular contacts (appendix, 

chapter 6). 
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tBu  tert-butyl 
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DFT  density-functional theory 
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DSSC  dye-sensitised solar cell 
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LED  light-emitting devices 
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ppy  2,2’-phenylpyridine 

SCE  saturated calomel electrode 

ThiaSO2 p-tert-butylsulphonylcalix[4]arene 
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VR  vibrational relaxation 

 





 

1 
 

1 Perspective 
Rapid technological advancement paired with a growing world population has led to a massive 

increase in global energy consumption over the last several decades. To date, more than ¾ of 

that energy still stems from fossil reserves such as oil, coal and gas.[1] Not only are these 

resources finite, but burning them also releases large amounts of polluting gases, including 

nitric oxides (NOx), sulphur dioxide (SO2) and large quantities of carbon dioxide (CO2) – a major 

contributor to global warming responsible for approximately 26 % of the greenhouse effect 

(excluding water vapour even 65 %).[2] 

Not least due to new record heatwaves each summer and a widespread lack of snow in 

winter,[3] there is a steadily growing awareness of global warming within the population and 

in politics.[4,5] In order to achieve the goals of the United Nations Paris Agreement – “holding 

the increase in the global average temperature to well below 2 °C above pre-industrial levels” 

– there is a strong need to find sustainable energy sources. 

By far the highest potential for CO2-free energy production stems from solar energy. The 

amount of solar power reaching Earth´s surface every hour is enough to supply humanity´s 

energy demand for a whole year.[6] Depending on weather conditions and only considering 

the usable amount of solar energy, this still amounts to 1500 - 49800 exajoule, which is far in 

excess of the current global energy consumption.[7] 

Presently, solar energy is predominantly used to generate electricity through crystalline silicon 

solar panels. Despite the generally increasing share of energy from renewable sources, 

especially over the last decade,[8] solar energy conversion still faces some intrinsic problems. 

The most prominent are the high price of solar panels, the intermittent availability of solar 

energy, the fact that electricity only makes up a part of the total energy demand (23 % in the 

EU),[9] as well as the difficulties and cost of storing large amounts of electricity. While 

electricity can be used to produce hydrogen gas from water, a more efficient solution to the 

three latter problems would be the direct production of solar fuels. The feedstock for such a 

sustainable energy source could be derived from the fixation of atmospheric CO2, essentially 

resulting in a carbon-neutral fuel. Such solar fuels could also be employed in the transport 

sector, which still constitutes the largest portion of global energy demand (e.g. 31 % in the 

EU).[9] 

Nature already provides a blueprint on how to use the nearly unlimited energy of the sun to 

convert CO2 into useful, high-energy molecules: photosynthesis. While natural photosynthesis 

from plants annually converts 120 Gt of carbon from CO2 to biomass, the process is not very 

efficient, with less than 1 % of solar irradiance converted into stored biomass.[6,10] Outside of 

tropical latitudes with high irradiances (e.g. bioethanol production from sugar cane in Brazil), 

this process is not applicable and even there it competes with food production. In contrast, 

artificial photosystems have the potential to surpass their natural counterparts by more than 

one order of magnitude e.g. in a CO2-to-CO reduction system that achieves an efficiency of 
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12.7 %.[11,12] Other photoinitiated reactions even have the potential to considerably exceed 

100 % efficiency if radical chain processes are involved.[13] 

The basic thermodynamic principle behind photosynthesis is the light-induced spatial 

separation of charges, creating a chemical potential. The kinetic challenge is to prevent charge 

recombination long enough for a chemical reaction to occur.[14] Analogous basic requirements 

– e.g. high yield of excited-state formation, sufficiently long lifetimes, reversible photophysics 

and tunability of excited-state properties – also hold true for artificial photocatalysts,[15] which 

can be used to propel chemical reactions with light instead of thermal energy. However, only 

a few groups of compounds fulfil these very stringent criteria as most chemical compounds 

rapidly convert their excited-state energy into heat. One class of such compounds that has 

received significant attention from researchers are metal complexes with a 4d6 or 5d6 valence 

electron configuration. Upon photoexcitation, complexes of e.g. Ru(II), Ir(III), Os(II) or Re(I) 

undergo a metal-to-ligand charge transfer (MLCT) transition, giving rise to a long-lived and 

luminescent excited state.[16,17]  

Complexes of these metal ions have been utilised by researchers in a wide variety of fields 

such as dye-sensitised solar cells (DSSCs),[18] light-emitting devices (LEDs),[19] photoredox 

catalysis,[20] artificial photosynthesis[21] or phototherapy[22]. 

Despite their favourable properties and diverse area of possible applications, these metals are 

among the rarest in the Earth’s crust, preventing their wide-spread utilisation. In order to 

accomplish global scale use, systems based on earth-abundant, inexpensive metals like most 

of the first-row and some of the second-row transition metals are necessary.[16] Possible 

abundant metal ions with the d6 electronic configuration include Cr(0), Mo(0), Mn(I), Fe(II) and 

Co(III). 

There has been considerable progress over the last years to synthesize luminescent complexes 

of iron – the most abundant of the transition metals.[17] Through different approaches and the 

use of sophisticated ligand designs, the excited-state lifetime could be increased by more than 

two orders of magnitude, from only 9 ps in 2013 to over 2 ns in 2019.[17,23,24] Despite these 

efforts, there are still no reports of MLCT luminescence of iron complexes under continuous-

wave excitation, as typically observed with its heavier analogue, ruthenium. This is mainly due 

to low lying metal centred (MC) ligand field excited states, which promote rapid non-radiative 

deactivation of the excited MLCT state.[25,26] 

Apart from iron, there are multiple examples of other luminescent first-row transition metal 

complexes e.g. of Cr(0), Cr(III), Co(III), Ni(II) or Cu(I).[27] Of these metal ions, only Co(III) and 

Cr(0) possess the desired 3d6 electron configuration and so far only complexes of Cr(0) have 

been reported to show MLCT emission.[28,29] In these complexes, bidentate isocyanide ligands 

were used to support the low-valent ions of Cr(0) and its heavier analogue Mo(0). The strong 

π-acceptor properties of isocyanide stabilise the metal in its zero-valent state via π-

backbonding. This gives rise to MLCT luminescence with lifetimes long enough to enable 

photocatalytic applications.[29,30]  
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Following a detailed introduction to the photophysics of transition metal complexes and 

current research in this area (chapter 2), the first research part of this thesis will discuss new 

luminescent complexes of Mn(I) with multidentate isocyanide ligands (chapter 3). Manganese 

is the third most abundant transition metal (after iron and titanium) and Mn(I) has the desired 

3d6 valence electron configuration. Surprisingly, Mn(I) has been hitherto overlooked in the 

search for a cheap substitute for Ru(II) and Ir(III). Adapting a similar strategy as previously used 

for luminescent Cr(0) complexes, the ligand design has been optimised by introducing 

thiophene linkers in the ligand backbone. The resulting bi- and tridentate isocyanide 

complexes (Figure 1) are the first Mn(I) complexes to exhibit room temperature luminescence 

in solution. 

 

 
Figure 1: Structure of the two Mn(I) isocyanide complexes discussed in chapter 3 of this thesis (top) 
and their respective bi- and tridentate ligands (bottom). 
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In the second research part, an in-depth analysis of bidentate isocyanide complexes of Mo(0) 

and their application in challenging, base-promoted homolytic aromatic substitution reactions 

(BHAS) will be presented (chapter 4). One major insight gained from this work is that the 

introduction of sterically demanding groups on the terphenyl ligand (Figure 2) can shield the 

metal centre from the chemical surrounding, increasing luminescence lifetime and 

luminescence quantum yield by a full order of magnitude. 

 
Figure 2: Structure of the isocyanide ligands used for the complexes discussed in chapter 4 of 
this thesis. Exchanging the Me substituents for bulkier tBu groups drastically improves the 
photophysical properties of the resulting Mo(0) complex. 
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2 Introduction 

2.1 Photophysics of Transition Metal Complexes 
Transition metal complexes require specifically tailored photophysical and photochemical 

properties for their application in fields such as solar energy conversion or photoredox 

catalysis.[31] A thorough understanding of the underlying photophysical processes is 

necessary to predict and modify these properties towards the desired photochemical 

characteristics.[15,16,26]  

To understand the influence of ligand modifications or different metal centres in a 

complex system, a close look at the relevant frontier molecular orbitals is required. The 

five energetically degenerate d-orbitals of a transition metal centre predominantly affect 

the interactions between metal and ligands as well as the photoredox properties of a 

complex. Due to their different spatial orientation, the d-orbitals do not interact with 

ligand orbitals to an equal extent. This results in splitting of the orbital energies in a ligand 

field. In an octahedral coordination geometry, this leads to splitting into three 

energetically lower lying t2g orbitals, and two eg orbitals, which are higher in energy 

(Figure 3). 

 
Figure 3: Simplified crystal field splitting of the d-orbitals in an octahedral coordination geometry 
for the low-spin d6 electron configuration. ΔO is the energy difference between the t2g and eg 
orbitals in an octahedral crystal field. 

If the metal centre is a late transition metal or the ligands induce a strong field, the low-

spin electron configuration with a maximum number of paired electrons as depicted in 

Figure 3 is favoured. All complexes discussed in this thesis have a d6 metal centre and fulfil 

at least one of the above-mentioned conditions. Therefore, they adopt the low-spin 

electron configuration with paired electrons. 
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2.1.1 The Excited State 

The most common interaction between a molecule and light is the absorption of one 

photon by one molecule.[32] In order to be absorbed and to trigger electronic transitions 

in a molecule, photons require a certain energy that usually ranges from the UV to the 

visible part of the electromagnetic spectrum (200 – 800 nm). Upon absorption of the 

photon, an electron is promoted from the molecule’s ground state into an electronically 

excited state. The probability of light absorption at a given wavelength determines the 

intensity ε of an absorption band. There are two selection rules that predict the likelihood 

of an electronic transition: (1) LAPORTE or symmetry selection rule; (2) spin selection rule. 

The symmetry selection rule states that in centrosymmetric molecules, such as octahedral 

complexes, only transitions that change parity are allowed. Consequently, all transitions 

within the same set of orbitals (e.g. d → d) are forbidden. The spin selection rule only 

allows transitions that have no change in spin-multiplicity such as singlet → singlet or 

triplet → triplet. In reality, spin-forbidden transitions can also be observed due to vibronic 

coupling or the heavy atom effect, albeit generally with low ε values.[32] 

The most relevant electronic states and transitions after photoexcitation can be depicted 

in a JABLONSKI diagram (Figure 4). It shows the states arranged vertically by energy level 

and horizontally by spin multiplicity. The vibrational ground state of each electronic state 

is represented by a bold horizontal line and the vibrationally excited states are depicted 

by thin horizontal lines. Radiative transitions are depicted as solid vertical arrows and non-

radiative transitions as dotted arrows. 

 
Figure 4: JABLONSKI diagram illustrating the relevant singlet (S) and triplet (T) states (black 
horizontal lines) and transitions upon light excitation (solid yellow vertical line). Dotted black lines 
depict non-radiative and solid blue lines radiative transitions. See main text for abbreviations. 

A photon of sufficiently high energy can excite an electron from the ground state S0 to a 

higher excited state Sn of the same spin multiplicity. This represents the most common 
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type of transition and results in strong absorption bands, as it is both spin and symmetry 

allowed. 

From the Sn state, the electron rapidly loses energy via vibrational relaxation (VR) to the 

lowest vibrational state of Sn and via internal conversion (IC) to the Sn-1 state until it 

reaches the vibrationally relaxed S1 state. From there, multiple decay processes are 

possible. The electron can either relax to the ground state S0 via a non-radiative pathway 

with the rate constant k1
nr or via emission of a photon with the energy ΔEf and rate 

constant kf. Spin-allowed emission, typically from singlet states, is called 

fluorescence.[32,33]  

Intersystem crossing (ISC) is the third possible relaxation pathway from the S1 state and 

represents a spin-forbidden transition. Especially in complexes of late transition metals 

with a pronounced heavy atom effect, ISC with the rate constant kISC can be the main 

transition, leading to efficient population of T1 as the lowest excited state. Emission from 

triplet states is called phosphorescence and occurs with the energy ΔEph and rate constant 

kph. Phosphorescence usually has a significantly smaller decay rate constant compared to 

fluorescence (kph < kf, resulting in longer excited-state lifetimes), as the transition back to 

S0 changes the spin multiplicity and is therefore again a spin-forbidden process.[32,33]  

KASHA´s rule states that radiative transitions only occur from the lowest energy excited 

state of a given spin multiplicity. This can be explained with the relative position of 

excited-state energy levels. The energetic difference between the ground state and the 

first excited state is typically larger than between the first and following excited-state 

levels. The resulting overlap of vibrational wavefunctions between different excited states 

leads to rapid non-radiative depletion of the higher excited states (IC). Once the lowest 

excited state S1 is reached, fluorescence and ISC become kinetically competitive with non-

radiative relaxation (IC) due to the higher energy gap to the electronic ground state (S0).[32] 

A small energy gap between the ground and the first excited state can also facilitate non-

radiative deactivation processes. The energy gap law describes how the rate constant for 

non-radiative transitions increases with decreasing energy difference between two states. 

The reason is an overlap of the wavefunctions of the lowest vibrational level of S1 or T1 

and higher vibrational states of the ground state S0, facilitating non-radiative 

transitions.[34,35] This effect is more pronounced if the energy gap between ground and 

first excited state is low, e.g. for compounds which exhibit luminescence in the red and 

NIR regions of the electromagnetic spectrum. Non-radiative deactivation is usually an 

undesired process and can drastically limit the applicability of a luminophore by 

diminishing its luminescence quantum yield and excited-state lifetimes. 

The inverse of the sum over all depletion pathway rate constants gives the lifetime of an 

excited state. The lifetimes of the lowest singlet and triplet excited states are calculated 

according to equations II.1 and II.2, respectively. 
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τS1=
1

(kf+knr
1 +kISC)

 (II.1) 

τT1=
1

(kph+knr
2 )

 (II.2) 

The efficiencies of deactivation processes such as phosphorescence are determined by 

their quantum yields. The quantum yield φ is defined as the number of molecules 

undergoing a certain process divided by the number of photons absorbed by the 

molecule.[32] The quantum yield of a process i is linked to its decay rate constant and 

lifetime by equation II.3. 

ϕi=
number of molecules undergoing process i

number of photons absorbed by the molecule
=ki×τi (II.3) 

The absorption spectrum of a complex consists of different absorbance bands, leading to 

different excited states. There are three kinds of possible electronic transitions that can 

occur in transition metal complexes. 

 
Figure 5: Schematic diagram of metal (M), ligand (L) and molecular orbitals for an octahedral 
complex of a transition metal adopted from reference [32]. The blue arrows depict possible 
transitions leading to absorbance bands in the UV and visible region of the electromagnetic 
spectrum. ΔO is the energy difference between the t2g and eg orbitals in an octahedral crystal field 
(see Figure 3). 

Metal centred transitions (MC in Figure 5) between two molecular orbitals with strong d 

character (forming ligand field excited states) are spin-forbidden and therefore only have 

low ε values. These transitions do not lead to charge redistribution between metal centre 

and ligand. MC transitions are often undesired as they can give rise to excited-state 

reactions such as ligand dissociation or substitution, and isomerisation reactions.[36] In 

most complexes of late transition metals, such as Ru or Mo, MC states are high enough in 

energy to minimize their involvement in excited-state photochemistry at relevant 

temperatures. However, in first-row transition metal complexes (e.g. of Fe, Cr or Mn), low 

lying metal centred states, due to the much lower ligand field splitting of these metals, 

can cause efficient non-radiative depopulation of the excited state. This results in 
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inefficient emission (with concomitantly short lifetimes) or complete absence thereof, as 

observed in complexes of Fe(II).[17] 

The second possible transition occurs between two ligand-based orbitals (LC in Figure 5). 

These ligand centred transitions are typically π → π* in character (but can also be n → π*) 

and can occur within the same ligand (intraligand charge transfer (ILCT)) or between 

different ligands of a complex (ligand-to-ligand charge transfer (LLCT)). These transitions 

cause intense absorption bands, typically in the blue or UV spectral range. Since these 

transitions do not involve the MC orbitals, their absorption bands are often similar in 

intensity, position and shape to those observed for the free ligand.[36] 

The third kind of transition involves a charge transfer between the metal centre and the 

ligands (MLCT and LMCT in Figure 5). For most transition metal complexes, this is the most 

relevant type of transition and determines the photophysical behaviour. Depending on 

the direction of electron transfer, there are metal-to-ligand charge transfer (MLCT) and 

less common (with respect to photoactive complexes) ligand-to-metal charge transfer 

(LMCT) transitions. The metal and its oxidation state, as well as the type(s) of ligand(s) 

used, will determine the direction of electron transfer upon photoexcitation. Charge 

transfer transitions can vastly alter the redox properties of a complex, as will be discussed 

in the next subchapter. 
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2.1.2 Photocatalysis 

Like natural photosynthesis in plants, artificial photocatalysis is able to combine two 

seemingly contradictory characteristics: mild reaction conditions and reactions with high 

activation barriers. This is possible because the energy of a photocatalytic reaction 

originates from the energetically high, light-induced excited state (of the photocatalyst), 

instead of elevated reaction temperatures, as in classic, thermal reactions. Hence, 

photocatalysis can be used to activate thermodynamically challenging compounds or to 

increase reaction selectivity due to the better control over the generated intermediates 

at lower temperatures.[32] 

Figure 6 is a general depiction of the way photoreactions can overcome high reaction 

barriers or even enable endothermic reactions. In the simplest case of a photochemical 

reaction, a reactant A absorbs a photon and forms the excited-state species A*. Due to 

the higher energy of A* (compared to A), a subsequent unimolecular reaction to P is 

exothermic. In contrast, a thermal reaction with a similar reaction profile requires high 

temperatures to proceed. Examples of such simple photochemical reactions are the 

cis/trans isomerisation of double bonds or the elimination of nitrogen from 

azocompounds.[37] If the excited-state species A* encounters another molecule B, a 

bimolecular reaction can occur. Hydrogen abstraction by an excited ketone is a typical 

example for this case. However, these two simple cases require the reactant A to be able 

to (efficiently) absorb light.[38] 

 
Figure 6: Schematic reaction energy profile depicting a reaction of substrate A to product P by 
thermal activation or light-induced activation via A*. Due to the high energy of the excited-state 
species A*, the reaction barrier is reduced, and/or the reaction becomes exergonic. 

The separation of the light-absorption step from the consequent chemical reaction is the 

fundamental principle of photocatalysis. Therefore, a photocatalyst is employed to absorb 

light and promote further reactions of the substrate. Most photocatalytic processes either 

rely on photoinduced electron or energy transfer reactions as depicted in Figure 7. 

Initially, the photocatalyst C absorbs a photon and is promoted into the excited-state 

species C*. In a classic photoinduced electron transfer reaction, a consequent electron 

transfer from or to the substrate R forms the oxidised or reduced catalyst C’ and the 

intermediate product R’ (Figure 7a). R’ undergoes further reaction steps to form the 

desired product PR. To close the catalytic cycle, C’ reacts with a second substrate D, 
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recovering C and generating D’. D is often a cheap (sacrificial) compound that is only used 

to regenerate C, while D’ is a non-useful by-product of the catalytic cycle. The special case 

of a redox-neutral reaction (Figure 7b) is further discussed in chapter 4. In this case, R’, 

which can transform to R’’ in an intermediate, light-independent reaction step, also takes 

the role of D, recovering C and forming PR at the same time. In the case of 

photosensitization (Figure 7c), only the excited-state energy is transferred from C* to R, 

and C is directly recovered. This reaction produces the excited-state species R*, which can 

undergo further reactions and/or loose the excited-state energy by emission of light.[32,38] 

 
Figure 7: a) Catalytic cycle for a photoinduced electron transfer reaction. b) Catalytic cycle for a 
redox-neutral photoinduced electron transfer reaction. c) Catalytic cycle for a photosensitization 
reaction. C is a photocatalyst, C* its excited state and C’ its oxidized or reduced form after reaction 
with R. R is a reactant, R’ and R’’ are its reaction intermediates, and R* its excited state. D is a 
second (sacrificial) reactant, D’ its intermediate product after reaction with C’ and PR the product 
of the reaction. Adopted from references [32] and [38]. 

Due to their long-lived (triplet) excited states, octahedral complexes of d6 metals such as 

Ru(II) or Ir(III) are commonly employed in photocatalysis.[39] Upon light-induced 

excitation, an electron is promoted from a t2g orbital into a ligand centred orbital, which 

is typically lower in energy than the unoccupied metal eg orbitals. Subsequent rapid ISC 

from the 1MLCT excited state forms the 3MLCT excited state. After the charge transfer 

from metal to ligand, the formally oxidised metal centre is a better oxidant compared to 

the ground state. At the same time, the formally reduced ligand is a better reductant than 

the ground state (Figure 8).  
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Figure 8: Energy diagram depicting excitation of an octahedral d6 metal complex and formation of 
the 3MLCT state. The charge-separated state is simultaneously a stronger oxidant and a stronger 
reductant than its corresponding ground state. 

A LATIMER diagram (Figure 9) depicts the excited-state oxidation and reduction potentials 

of a compound and demonstrates how the excited state is simultaneously more oxidising 

and more reducing than its ground state. This resulting versatility is the reason complexes 

like [Ru(bpy)3]2+ (bpy = 2,2’-bipyridine) and its derivatives are so popular in photochemical 

applications, as in their excited state, they can be used as electron donors as well as 

acceptors for photoredox reactions.[20,40,41] 

 
Figure 9: LATIMER diagram of [Ru(bpy)3]2+ used to calculate the excited-state oxidation and 
reduction potentials. Redox potentials are reported vs Fc+/0 in acetonitrile.[42] 

The excited-state oxidation and reduction potentials can be calculated from experimental 

data. Subtraction of the zero-phonon energy E00 (the energy difference between the 

ground and excited state; blue in Figure 9) from the ground state oxidation potential gives 

the excited-state oxidation potential (green in Figure 9), while addition of E00 to the 

ground state reduction potential gives the excited-state reduction potential (red in Figure 

9). 
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2.2 Photoactive First-Row Metals 
Due to the amount of research dedicated to second- and third-row d6 transition metal 

complexes, there is a deep understanding of their advantageous photophysics and 

photochemistry. Complexes such as [Ru(bpy)3]2+ or [Ir(ppy)3] (ppy = 2,2’-phenylpyridine) 

and their derivatives have been utilised as photosensitizers or photocatalysts in countless 

examples.[39] 

Nevertheless, the rarity of many popular metals prevents widespread application of such 

photocatalysts. The abundance of the two commonly used metals, ruthenium and iridium, 

is only 10-6 and 10-7 mass percent in Earth´s crust, respectively, leading to high prices of 

complexes using these metals.[43] In contrast, first-row transition metals are rather 

common, with abundances between 4.7 and 0.0024 mass percent for iron and cobalt, 

respectively.[43] 

It would be desirable if all the knowledge and experience in the field of second- and third-

row octahedral d6 complexes could be transferred to luminescent first-row transition 

metal complexes. However, the initial design of such luminescent complexes is 

challenging, due to the aforementioned low lying MC states that enable fast, and typically 

radiation-less, relaxation in complexes of many first-row metals. Different concepts to 

obtain photoactive and luminescent first-row transition metal complexes have been 

explored. In the following section, selected current research and challenges in the design 

of luminescent (d6) complexes of several first-row metals is presented. 
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2.2.1 Cobalt 

Currently, there are not many examples of luminescent Co(III) complexes. Possibly the 

most relevant examples were reported in 2018 by the groups of Zysman-Colman and 

Hanan.[44] Due to large bite angles and strongly σ-donating nature of the ligands, their 

[Co(dgpy)2]3+ (dgpy = 2,6-diguanidylpyridine) and [Co(dgpz)2]3+ (dgpz = 2,6-

diguanidylpyrazine) complexes (Figure 10) exhibit blue emission from a 3LMCT state after 

(relatively) low-energy UV excitation. The reported (average) luminescence lifetimes of 

up to 5.5 ns and luminescence quantum yields of up to 0.7 % are among the highest 

reported values for charge transfer excited states of any first-row d6 complexes. Both 

complexes were successfully applied as strong photooxidants for the trifluoromethylation 

of polycyclic aromatic hydrocarbons. 

 
Figure 10: Structures of [Co(dgpy)2]3+ and [Co(dgpy)2]3+ investigated in reference [44]. 

In the same year, the group of Soper reported another Co(III)-CF3 complex that allows the 

photoinduced homolysis and subsequent trifluoromethylation of C–H bonds in arenes.[45] 

However, this complex does not show any luminescence. 

A recent paper from the groups of Wärnmark, Yartsev and Persson presents microsecond 

photoluminescence from the [Co(III)(PhB(Melm)3)2]+ (PhB(Melm)3 = tris(3-

methylimidazolin-2-ylidene)(phenyl)borate) complex.[46] What makes this complex stand 

out is the luminescence from a MC excited state. MC excited-state luminescence in Co(III) 

has been known since 1979 for [Co(CN)6]3-, but with much shorter excited-state 

lifetimes.[47,48] After excitation of a deaerated solution of the [Co(III)(PhB(Melm)3)2]+ 

complex at 266 nm, orange emission at 690 nm was observed. As expected from MC 

emission, the luminescence quantum yield is low (10-2 %). Due to the sensitivity of the 

emissive state to oxygen quenching, it was assigned as a 3MC state. The tunability of σ- 

and π-properties of NHC ligands (in contrast to CN-) enables future improvements in this 

compound class. 
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2.2.2 Iron 

As the most abundant of the transition metals, iron-based complexes have received 

significant and ever increasing attention in recent years.[17] Compared to isoelectronic 

complexes of ruthenium, the ligand field induced by iron is much weaker, lowering the 

energy of the 3T1g and 5T2g MC states below that of the 3MLCT state (depicted for 

[Fe(bpy)3]2+ in Figure 11b). This causes rapid, non-radiative deactivation of the excited 

state. There are two obvious countermeasures to suppress this deactivation pathway.[17] 

The first strategy targets stabilisation of the 3MLCT state. However, lowering the energy 

of this state must be done within the limits of the energy-gap law as a too low lying 

energetic level increases non-radiative deactivation rates via vibrational coupling.[34,35] 

The second strategy aims towards pushing the MC states to higher energies. Higher MC 

state energies can be obtained with ligands that induce a strong ligand field. While MC 

states are highly dependent on the strength of the interaction between metal and ligand 

(ΔO, see Figure 3), the energy of MLCT states mainly depends on the redox properties of 

metal centre and ligands.[14] The effect of an increase in the ligand field splitting parameter 

ΔO can be illustrated in a TANABE-SUGANO diagram (Figure 11a).  

 
Figure 11: a) TANABE-SUGANO diagram for the low spin d6 electron configuration with RACAH scaling 
parameter B = 827 cm-1. The dotted vertical lines at 20 and 25 ΔO/B depict approximate ligand 
field strength values for the complexes [Fe(bpy)3]2+ and [Ru(bpy)3]2+, respectively. b) Simplified 
potential energy diagram with the key electronic states in [Fe(bpy)3]2+, adopted from reference 
[17]. 

A larger value of ΔO results in increasing energy levels of the 3T1g and 5T2g MC states (green 

and red in Figure 11, respectively). Depending on the choice of ligand, one of these two 

states is usually the lowest excited state in low-spin complexes of Fe(II). The stronger 

dependence of the 5T2g state on ΔO (red in Figure 11a) arises from the excitation of two 

electrons into antibonding eg orbitals (in contrast to one electron for 3T1g).  

The effect of a larger ΔO is illustrated in Figure 11a by the exemplary complexes 

[Fe(bpy)3]2+ and [Ru(bpy)3]2+, represented by the two dotted vertical lines at 20 and 
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25 ΔO/B, respectively. In the case of [Fe(bpy)3]2+, the position of the 3T1g and 5T2g states 

are notably below that of the 3MLCT excited state (highlighted in Figure 11b), leading to 

an essentially barrier- and radiation-less deactivation of the 3MLCT state within 50 fs.[49] 

In contrast, the heavier analogue [Ru(bpy)3]2+ shows a long-lived, luminescent excited-

state, as the MC states are energetically above the 3MLCT state due to the increase in 

ligand field strength. The energy level of the 3MLCT state could be illustrated as a basically 

horizontal line in Figure 11a, due to the aforementioned virtual independence from ΔO.[14] 

In the TANABE-SUGANO diagram, ΔO and the energy E are scaled by the RACAH parameter B, 

which corresponds to d-electron repulsion.[33] A high degree of covalence in a metal-ligand 

bond reduces B (nephelauxetic effect) and is therefore another option to increase MC 

state energies. 

To obtain a comparable situation for complexes of Fe(II), as in the prototypical 

[Ru(bpy)3]2+, many research groups use strong-field inducing ligands such as N-

heterocyclic carbenes (NHC) to increase the energy of the deactivating MC states.  

The first reported Fe(II) NHC complex (Figure 12) by Wärnmark and Sundström had a 

charge-transfer excited-state lifetime of 9 ps, exceeding the lifetime of [Fe(bpy)3]2+ by 

almost two orders of magnitude.[23] 

 
Figure 12: Structure of the first reported Fe(II) complex with NHC ligands from reference [23]. 

Density-functional theory (DFT) calculations by the groups of Jakubikova,[50] Monari[51] 

and Dixon,[52] as well as systematic studies as performed by the groups of Bauer and 

Lochbrunner,[53] increased the general understanding of the concepts required to 

enhance the lifetime of MLCT states over the following years.[17] 

In a more recent study, the groups of Wärnmark and Sundström used mesoionic carbene 

ligands such as btz (Figure 13a, btz = 3,3′-dimethyl-1,1′-bis(p-tolyl)-4,4′-bis(1,2,3-triazol-5-

ylidene)), which have both stronger σ-donor and π-acceptor capabilities than classic NHC 

ligands. The homoleptic complex [Fe(btz)3]2+ shows an excited-state lifetime of up to 

528 ps that is ascribed to a 3MLCT state.[54]  
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Figure 13: Structure of a) the mesoionic carbine complex [Fe(btz)3]2+reported in reference [54] b) 
the two [Fe((phenanthridin-4-yl)(quinolin-8-yl)amido)2] complexes from reference [24]. 

In 2019, the group of Herbert increased the MLCT excited-state lifetime to over 2 ns using 

a conceptually different “HOMO-inversion” strategy, with two Fe(II) complexes with 

benzannulated phenanthridine heterocycle ligands with amido donors (Figure 13b).[24] 

Despite all of the impressive progress in recent years, luminescence has not been reported 

from any complex of Fe(II). 

 
Figure 14: Structure of the luminescent complex [Fe(phtmeimb)2]+ reported in reference [55]. 

However, two recent publications reported LMCT emission in complexes of Fe(III).[55,56] In 

particular the [Fe(phtmeimb)2]+ (Figure 14, phtmeimb = {phenyl[tris(3-methylimidazol-1-

ylidene)] borate}−) complex reported in 2019 by the group of Wärnmark exhibits an 

impressive luminescence lifetime of 2 ns with a luminescence quantum yield of 2 %. This 

complex, as well as the [Fe(btz)3]3+ complex from the same group, exhibits spin-allowed 

fluorescence from a 2LMCT state. 
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2.2.3 Manganese 

A recent report on NIR emission in the solid state from a bis(tris(carbene)borate) Mn(IV) 

complex was inspired by luminescent Cr(III) complexes with d3 electron configuration 

(vide infra). At 80 K, this complex mainly emits from a 2E → 4A2 transition at 828 nm, but 

also shows weak LMCT luminescence at 500 nm.[57] 

There is a single report on luminescence in solution from a Mn(III) complex with a Schiff 

base ligand. However, the reported emission is purely ligand-based fluorescence in the 

blue spectral range.[58] 

While solid state luminescence from Mn(II) complexes is rather common, there are only 

two reports on emission in solution. One of them describes an excitation wavelength 

dependent emission at 380, 440 or 495 nm. However, the origin of the longest wavelength 

luminescence in this complex could not be identified unambiguously.[59] The other report 

describes an orange emission from the polynuclear complex [Mn4(ThiaSO2)2F]- (ThiaSO2 = 

p-tert-butylsulphonylcalix[4]arene) in DMF at room temperature.[60] 

There is only one report on emission from a Mn(I) compound. While the utilised 

polypyridine ligand functionalised with 1,3,4 oxadiozole and triarylamine moieties shows 

MLCT emission in a Re(I) complex, the emission for the respective Mn(I) complex (Figure 

15), although with enhanced intensity, only has the same pure ILCT character as the free 

ligand.[61] 

 
Figure 15: Structure of the Mn(I) complex that shows ILCT after excitation as reported in reference 
[61]. 
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2.2.4 Chromium 

Luminescence from Cr(III) complexes and application of photoactive Cr(III) compounds in 

the fields of solar cells or catalysis have been known for several decades.[62,63]  

The Heinze group published several papers on luminescent “molecular ruby” complexes 

of Cr(III) over the last years.[64–67]  

 
Figure 16: The “molecular ruby” complex [Cr(ddpd)2]3+, as reported in reference [64]. 

The high symmetry of these complexes with near ideal bite angles increases the relevant 

energy gap, decelerating non-radiative relaxations. This leads to very long excited-state 

lifetimes of close to 1 ms as for their [Cr(ddpd)2]3+ (ddpd = N,N’-dimethyl-N,N’-dipyridine-

2-ylpyridine-2,6-diamine) complex (Figure 16), that exhibits 2Eg → 4A2g spin-flip 

luminescence in the red spectral region in deaerated water at room temperature. This 

complex was also used as photosensitizer to produce 1O2 via energy transfer, enabling 

subsequent reactions.[64] The deuterated version of this complex shows an even longer 

luminescence lifetime of 2.3 ms with a high luminescence quantum yield of 30 %.[65] 

Reduction of [Cr(ddpd)2]3+ affords the corresponding Cr(II) complex, which exhibits 

thermally induced spin crossover. UV light excitation of this reduced complex gives rise to 

an excited state, which has a microsecond lifetime, but does not show luminescence.[68] 

Büldt and Wenger reported a luminescent Cr(0) complex in 2017 (see also chapter 2.3).[29] 

In this complex, the use of strong-field inducing bidentate isocyanide ligands raises the 

energy of the relevant MC states, so that emission from the 3MLCT state can compete 

with radiation-less deactivation. The emission lifetime of this complex is 2.2 ns in 

deaerated THF with a luminescence quantum yield of approximately 10-3 %. This is the 

first example of MLCT luminescence from a first-row d6 transition metal complex. 
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Despite relevant results for other electronic configurations, there are currently only three 

examples of luminescence from first-row d6 transition metal complexes. Complexes of 

Co(III) by the groups of Zysman-Colman and Hanan exhibit 3LMCT luminescence.[44] A 

recent report by the groups of Wärnmark, Yartsev and Persson, as well as earlier reports 

on [Co(CN)6]3- describe luminescence from a 3MC state.[46–48] And an isocyanide complex 

of Cr(0) from the Wenger group is the first example of 3MLCT luminescence.[29] Just a 

decade ago, many believed complexes of first-row transition metals (with the notable 

exception of the d10 metal Cu(I)) to be unusable as photoactive compounds due to their 

rapid excited-state deactivation.[69] Since then, excited-state lifetimes have increased by 

multiple orders of magnitude, e.g. from the sub-picosecond range to nanoseconds in 

complexes of Fe(II).[14,17] However, more research on relevant metals such as Cr(0), Mn(I), 

Fe(II) or Co(III) is required for further results and improvements of excited-state lifetimes 

and luminescence quantum yields as well as applications in photocatalyzed reactions. 
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2.3 Low-Valent Isocyanide Complexes 
The (relative) stability of MLCT states in first-row transition metal complexes with a d6 

electron configuration can be improved by increasing the energy of low lying MC states 

with a strong ligand field. Possible ligands able to induce such a strong field include N-

heterocyclic carbenes (NHC), carbonyls (CO) or isocyanides (RNC). For use in combination 

with metal centres in low oxidation states, the ligands further need to be able to stabilise 

the electron density on the metal via π-backbonding. NHCs are mainly σ-donors, while 

RNC and especially CO are also good π-acceptors. Due to the R-moiety, isocyanide ligands 

can easily be functionalised e.g. with aromatic groups, increasing their π-acceptor 

capabilities.[70,71] Their stronger σ-donation properties compared to the isolobal CO also 

helps to stabilise metal centres in higher oxidation states, which are typical intermediate 

states after photoinduced charge transfer. 

Isocyanides have been used in early work from Mann and Gray to stabilise zero-valent 

group 6 metal centres of Cr, Mo and W. Of particular interest are the hexa(arylisocyanide) 

complexes of W(0) as they show strong emission with excited-state lifetimes of up to 80 ns 

at room temperature. The homoleptic Mo(0) and especially Cr(0) complexes with the 

same ligand were increasingly prone to ligand substitution reactions.[72,73]  

 
Figure 17: Luminescent hexa(isocyanide) complexes of W(0) as reported in references [74] and 
[75]. 

In two more recent publications of the same group, Sattler could show that [W(CNIph)6] 

(Iph = 2,6-diisopropylphenyl) (Figure 17a) can be used as a very powerful 

photoreductant.[74] Furthermore, it was described how extension of the ligand π-system 

(Figure 17b) could increase luminescence lifetimes (up to 1.83 µs) and quantum yields (up 

to 44 %).[75] 

Ligands with multiple isocyanide coordination sites could reduce the extent of ligand 

dissociation and increase the shielding of the metal centre from coordination of solvent 

or nucleophiles. Due to the linear structure of the isocyanide M-C≡N-R motive, a distance 
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equivalent to at least 7 methylene groups between the isocyanide functionalities needs 

to be bridged for chelate formation.[76] 

While several groups achieved the synthesis of multidentate isocyanide ligands, in most 

cases aliphatic bridging motifs were used (Figure 18).[77–84]  

Figure 18: Structures of chelating isocyanide ligands reported in references [77] - [84] with their 
respective metal ions used for the synthesis of transition metal complexes. 

Plummer and Angelici even synthesised homoleptic, bidentate complexes of Mn(I), but 

did not report any luminescence properties.[77] Very likely, an aromatic ligand backbone 

is required to observe such behaviour. The group of Armaroli finally used an aromatic 

ligand backbone and reported the tuneable emission behaviour of the corresponding 

Ir(III) complex.[84] However, there are no reports from this group on using their ligand in 

combination with any other (more abundant) metal. 

Finally, Büldt and Wenger used a similar ligand with aromatic terphenyl backbones in 

combination with low-valent Mo(0) and Cr(0) metal centres (Figure 19).[29,30] With these 

two complexes, they could observe luminescence upon visible-light excitation in solution 

at room temperature. 
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Figure 19: The luminescent [Mo(LMe)3] and [Cr(LtBu)3] complexes with chelating diisocyanide 
ligands reported by Büldt and Wenger.[29,30] 

Both complexes exhibit broad MLCT absorption features from 350 nm up to 

approximately 550 nm and can be excited with green light. The reported Mo(0) complex 

has a luminescence lifetime of 225 ns in deaerated n-hexane and a luminescence quantum 

yield of 4.5 %.[30] The Cr(0) complex showed a lifetime of 2.2 ns in deaerated THF, with a 

quantum yield of 10-3 %.[29] Despite the short excited-state lifetime and low luminescence 

quantum yield, the Cr(0) complex was able to undergo triplet energy transfer to 

anthracene with subsequent triplet-triplet annihilation upconversion. Due to its high 

excited-state oxidation potential, the Mo(0) complex is able to catalyse the 

rearrangement of acyl cyclopropane to 2,3-dihydrofurane. 
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3 Manganese(I) Isocyanide Complexes 
with MLCT Luminescence and 
Photoreactivity 

3.1 Design of new Isocyanide Ligands 
As the Mo(0) isocyanide complex [Mo(LMe)3] introduced in chapter 2.3 (Figure 19) exhibits 

limited stability upon light irradiation, a new ligand with a stronger chelate strength, due 

to its tridentate nature, was synthesised during the course of this PhD project (Figure 21). 

Initial Merck molecular force field (MMFF) calculations on possible structures for 

tridentate ligands showed that the bite angle induced by phenylene linkers in the ligand 

backbone (as in the complexes in Figure 19) would not be a good match for the intended 

coordination to Mn(I). Instead, thiophene units were used in the new tridentate ligand 

(Figure 20). According to the MMFF calculations, the complex geometry with the new 

thiophene based ligand is closer to an octahedral coordination geometry, with bite angles 

closer to 180°, more linear coordination modes and more linear isocyanide groups as 

displayed in the structures and table of Figure 20. 

Figure 20: MMFF calculated structures (only one ligand shown) for tridentate isocyanide Mn(I) 
complexes with either phenylene (left) or thienyl (right) linkers. The calculated bite angles (C-Mn-
C), isocyanide angles (C-N-C) and coordination angles (Mn-C-N) are all closer to the optimal angle 
of 180° for the ligand with thienyl groups. 

A recent publication from our group revealed that in isocyanide complexes of Mo(0), the 

introduction of thiophene units in the ligand backbone (in combination with an extension 

of the ligand π-system) leads to a red shift in emission by more than 100 nm.[85] In order 

to quantify the changes stemming from the introduction of the thienyl linker versus the 
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tridentate nature of the ligand, the corresponding bidentate ligand (Figure 21) was also 

synthesized according to a method previously used in the group.[86] 

Figure 21: Multidentate isocyanide ligands used in this PhD project for the complexation of low-
valent d6 Mn(I). 

3.2 New Isocyanide Complexes of Mn(I) 
Homoleptic Mn(I) complexes of the bi- and tridentate thienyl ligands in Figure 21 were 

synthesised and their optical and electrochemical properties were thoroughly analysed. 

Mn(I) was used as the metal centre of choice as manganese is one of the most abundant 

transition metals in Earth’s crust and is isoelectric to the d6 metal Fe(II), which has been 

heavily researched in recent years.[17] Yet, there is only very little research dedicated 

towards finding an alternative to heavier transition metal complexes (such as [Ru(bpy)3]2+) 

based on Mn(I), despite its promising d6 electronic configuration. 

The synthesis of both complexes as well as their unexpected spectroscopic properties, 

and applications in energy and electron transfer reactions were submitted for publication: 

• P. Herr, C. Kerzig, C. B. Larsen, D. Häussinger, O. S. Wenger “Manganese(I)

complexes with metal-to-ligand charge transfer luminescence and

photoreactivity” submitted 2020.

Upon excitation with blue light, solutions of both homoleptic Mn(I) complexes show 

photoluminescence at 500 nm with lifetimes of up to 1.7 ns at room temperature. This 

marks only the second report of MLCT emission from a 3d6 metal complex and the first 

using manganese as metal centre. For isoelectronic Fe(II), no such emission could be 

observed to date, despite considerable effort.[17] 

In frozen matrix, both Mn(I) complexes show two luminescence bands. This unexpected 

behaviour is attributed to the MLCT emission visible at room temperature as well as a 

second emission band originating from a ligand-based 3π- π* state. In frozen matrix, the 

luminescence lifetime of this second band is in the range of 100-200 µs for both 

complexes, whereas it rapidly decays at room temperature, escaping observation. 

Both excited states readily engage in photoreactions. Electron transfer reactions are 

accessible from the MLCT state whereas triplet energy transfer can occur from the 3π- π* 
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state. This finding makes both Mn(I) complexes stand out from typical behaviour of 

precious metal-based photosensitizers, where the MLCT state is typically the only 

photochemically relevant state. 
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Abstract 

Precious metal complexes with the d6 valence electron configuration often exhibit 

luminescent metal-to-ligand charge transfer (MLCT) excited states, which form the basis 

for many applications in lighting, sensing, solar cells, and synthetic photochemistry. 

Iron(II) has received much attention as a possible Earth-abundant alternative, but to date 

no iron(II) complex has been reported to show MLCT emission upon continuous-wave 

excitation. Manganese(I) has the same electron configuration as iron(II), but has been 

overlooked in the search for cheap MLCT luminophores until now. We discovered that 

novel isocyanide chelate ligands give access to air-stable manganese(I) complexes 

exhibiting MLCT luminescence in solution at room temperature, and these compounds 

were successfully employed as photosensitizers for energy and electron transfer 

reactions. Our study provides new guidelines for the design of photoactive complexes 

based on first-row transition metals, and it unravels fundamentally important differences 

in their photophysics compared to the well-known precious metal-based compounds. 
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Introduction 

The long-lived MLCT excited states of many Ru(II) and Ir(III) complexes play key roles in 

light-emitting devices1, dye-sensitized solar cells2, photoredox catalysis3, artificial 

photosynthesis4 and photodynamic therapy5. There is a long-standing interest in replacing 

these precious and rare 4d6 and 5d6 ions by cheaper 3d6 elements, and until now 

essentially all efforts in that direction concentrated on Fe(II)6. However, the MLCT states 

of Fe(II) complexes deactivate on very rapid timescales, due to metal-centered (MC) 

excited states situated at much lower energies than in Ru(II) or Ir(III)7-11. Recently, these 

undesired deactivation processes were decelerated by innovative molecular design12,13, 

yet no MLCT luminescence after continuous-wave excitation has been reported to 

date14,15. In the course of these efforts, ligand-to-metal charge transfer (LMCT) 

luminescence from Fe(III) (3d5) complexes was discovered16,17, but the direction of charge 

transfer is important for many applications hence emissive MLCT states of 3d6 complexes 

remain a strategic key target18. In particular, the development of 3d6 complexes 

resembling the prototypical [Ru(bpy)3]2+ compound (bpy = 2,2’-bipyridine) both 

structurally and functionally represents a grand challenge19. 

We recently reported a very weakly luminescent Cr(0) complex, but that compound 

suffered from sensitivity to air due to facile oxidation of Cr(0)20. For the present study, we 

turned to isoelectronic Mn(I), for which some air-stable complexes with -acceptor 

ligands had been known21-23. After iron and titanium, manganese is the third most 

abundant transition metal element, exceeding the natural abundance of copper by a 

factor of 18, which seems noteworthy because copper has received much attention from 

the photophysics and photochemistry community24-27. The abundance and low cost 

combined with the prospect of obtaining compounds with low toxicity recently triggered 
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interest in Mn(I) complexes as catalysts for C-H activation28 and other applications in 

organic chemistry29,30, as well as for electrocatalytic CO2 reduction related to artificial 

photosynthesis31,32. The photophysics of homoleptic Mn(I) complexes, however, is as yet 

essentially unexplored. Our Mn(I) photosensitizers complement recent important 

discoveries of LMCT luminophores made from Earth-abundant metals (including a Mn(IV) 

complex)16,17,33-35, and they represent the first air-stable 3d6 complexes with luminescent 

MLCT states. The Mn(I) complexes presented herein furthermore have a low-lying ligand-

centered 3-* state, which leads to unexpectedly rich photophysics and photochemistry 

of this new class of compounds.  

 

Results and discussion 

Isocyanide ligands can stabilize metals in low oxidation states36, and monodentate 

arylisocyanides provided access to emissive W(0) complexes in earlier studies37,38. Since 

chelate ligands usually give more robust coordination compounds, we previously 

developed bidentate isocyanide ligands with terphenyl backbones to obtain photoactive 

Cr(0) and Mo(0) complexes20,39. For the Mn(I) complexes reported herein (Fig. 1), we 

synthesized two new isocyanide chelates (SI pages S4/S5) with thiophene units in the 

backbone to optimize bite angles, one of them bidentate (Lbi) and the other tridentate 

(Ltri). The free ligands reacted with Mn(CO)5Br to the homoleptic complexes [Mn(Lbi)3]+ 

and [Mn(Ltri)2]+ (Fig. 1), which were characterized with all standard techniques (SI pages 

S6-S43) including 55Mn NMR spectroscopy. The 55Mn NMR shifts of [Mn(Lbi)3]+ and 

[Mn(Ltri)2]+ were determined as  = –1225 and –1419 ppm, respectively, and fall both 

unambiguously in the range –1000 >  > –1500 for Mn(I) complexes40. Ltri binds in 

meridional fashion, and the direct comparison of bis(tridentate) and tris(bidentate) 
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coordination environments allowed us to probe differences in robustness and 

photophysical behavior. 

Figure 1. Molecular structures of the ligands and complexes (isolated as PF6
- salts) 

explored in this work. Yields for complexation: 64% for [Mn(Lbi)3]+, 41% for [Mn(Ltri)2]+. 

Both complexes are yellow due to an absorption band near 400 nm (solid purple lines in 

Figs. 2/S24), which tails to the deep blue region and is not present in the free ligands 

(dotted purple lines). Excitation into this absorption band causes solvatochromic 

luminescence, which red-shifts by roughly 1500 cm-1 between toluene and CH3CN. In 

some solvents Raman-scattered excitation light is detectable (asterisks in Figs. 2/S24), but 

the emission bands are unstructured. The luminescence quantum yields () in deaerated 

CH3CN at 20 °C are 0.05% for [Mn(Lbi)3]+ and 0.03% for [Mn(Ltri)2]+ (SI page S61), which is 

more than one order of magnitude higher than for our recently reported Cr(0) complex 

emitting from a 3MLCT state20, whereas Fe(II) complexes are completely non-emissive 
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under comparable conditions. The presence of low-lying metal-centered (MC) excited 

states in the 3d6 configuration makes it much harder to establish luminescent charge-

transfer excited states than in the 3d0 and 3d10 configurations, in which MC states are 

absent. Thus, the step from no luminescence (as in all previously studied Fe(II) complexes) 

to weak MLCT emission in our Mn(I) complexes represents an important breakthrough.  

 

 

Figure 2. Steady-state absorption and emission spectroscopy. Left, purple lines: UV-Vis 

absorption spectra of [Mn(Ltri)2]+ (solid) and Ltri (dotted) in CH2Cl2. Right: Luminescence 

spectra of [Mn(Ltri)2]+ following excitation at 410 nm (exc) in four different de-aerated 

solvents. The asterisks mark peaks caused by Raman scattered excitation light. Top right: 

Cuvette with a solution of [Mn(Ltri)2]+ in CH3CN irradiated from the bottom by a UV lamp 

for chromatography (exc = 366 nm).   

 

In picosecond transient absorption (ps-TA) spectroscopy a ground-state bleach (GSB) is 

observable near 400 nm (Figs. 3a/S25a) and an excited-state absorption (ESA) band 

appears at 470 nm. Following pulsed excitation, the ESA at 470 nm and the luminescence 
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at 460 nm show very similar decay behavior (Figs. 3d/S25d), indicating that both signals 

belong to the same excited state. MLCT states are formally comprised of an oxidized metal 

and a reduced ligand, whose individual spectral signatures are accessible via spectro-

electrochemistry41. In our complexes, Mn(I) is oxidized reversibly to Mn(II) at ca. 1.0 V vs 

SCE (Figs. 3f/S25f), in line with expectation21-23. Reductive sweeps (Figs. 3e/S25e) contain 

several irreversible waves, the first one of which (at -1.9 V vs SCE) is attributable to the 

reduction of coordinated Ltri/Lbi to (Ltri)•-/(Lbi)•-. At a constant potential of -2.2 V vs SCE, the 

spectro-electrochemical (Ltri)•- – Ltri (Fig. 3b) and (Lbi)•- – Lbi (Fig. S25b) difference spectra 

are obtained. At a fixed potential of 1.2 V vs SCE, one obtains the spectro-electrochemical 

difference spectra in Figs. 3c/S25c, which correspond to the subtraction of spectra of 

Mn(I) from Mn(II) species. The ps-TA spectra (Figs. 3a/S25a) are essentially a linear 

combination of the difference spectra of metal oxidation (Figs. 3c/S25c) and ligand 

reduction (Figs. 3b/S25b), as expected for MLCT transitions41.  This very good agreement 

between transient absorption and spectro-electrochemical data furthermore suggests 

limited admixture of -* character to the emissive MLCT state. 
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Figure 3. Time-resolved and (spectro-)electrochemical data for [Mn(Ltri)2]+. (a) UV-Vis 

transient difference spectrum of 16 µM [Mn(Ltri)2]+ in de-aerated CH2Cl2 at 20 °C, time-

integrated over 2 ns following excitation at 410 nm with 30-ps laser pulses. (b) UV-Vis 

changes upon electrochemical (ligand-centered) reduction in CH3CN. (c) UV-Vis changes 

upon electrochemical (metal-centered) oxidation in CH3CN. (d) Decays of the excited-

state absorption (ESA) signal at 470 nm (black, exc = 410 nm) and the luminescence 

intensity at 460 nm (blue, exc = 405 nm) in de-aerated CH2Cl2 at 20 °C. (e) Cyclic 

voltammogram (CV) showing ligand-based reduction in deaerated CH3CN. (f) CV showing 

metal-based oxidation in CH2Cl2. The electrolyte was 0.1 M TBAPF6.  

 

Luminescence lifetimes are tri-exponential with weighted average lifetimes of 0.74 ns for 

[Mn(Lbi)3]+ and 1.73 ns for [Mn(Ltri)2]+ in deaerated CH3CN at 20 °C (Table 1), close to some 

of the longest lifetimes for (dark) MLCT states in Fe(II) complexes12,13, and similar to the 
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MLCT lifetime (2.2 ns) of our recently reported Cr(0) isocyanide complex20. The backbones 

of our ligands Ltri and Lbi contain sequences of ArNC-thiophene-ArNC units, and flipping of 

the central thiophene unit with respect to the neighboring ArNC (arylisocyanide) units can 

lead to different conformers (SI pages S80-S83), and this causes the multi-exponential 

decay behavior39. All three decay components (1, 2, 3) have identical luminescence 

spectra (Figs. S32/S33), which is in line with a single emissive state in different conformers. 

Table 1. Electrochemical and photophysical parametersa. 

[Mn(Lbi)3]+ [Mn(Ltri)2]+ 

E0 (MnII/I) vs SCE b 1.05 V 1.00 V 

E0 ((Ltri/bi)/(Ltri/bi)•-) vs 

SCE 

-1.94 V -1.91 V

avg / ns 0.74 1.73 

1, 2, 3 / ns c 0.374 (79.2%), 1.84 

(19.3%), 5.85 (1.5%) 

0.635 (56.4%), 2.07 (33.6%), 

 6.74 (10.0%) 

 0.05% 0.03% 

a In de-aerated CH3CN at 20 °C unless otherwise noted. b In CH2Cl2 at 20 °C. Ltri/bi denotes 

coordinated ligands.  

c Values in parentheses indicate relative importance.  

In isoelectronic [Fe(bpy)3]2+, excitation into the 1MLCT absorption band is followed by 

intersystem crossing (ISC) to the lowest 3MLCT excited state within less than 20 fs42, and 

from this perspective it seems plausible that the emissive MLCT states of our Mn(I) 

complexes (at 2.9 eV) are triplets. However, upon addition of excess naphthalene (with a 
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triplet energy (ET) of 2.64 eV) or p-terphenyl (ET = 2.52 eV) the characteristic triplet ESA 

signatures of these polyaromatic hydrocarbons (PAHs) are not observable, even though 

rate constants for triplet-triplet energy transfer (TTET) typically reach the diffusion-limit 

when the driving-force is 0.2 eV or greater43. Only when PAHs with lower triplet energies 

such as pyrene (ET = 2.10 eV, SI page S66) or anthracene (ET = 1.85 eV, see further below) 

are used, there is clear evidence for TTET. Thus, it looks as if our Mn(I) complexes have a 

(dark) triplet excited state below 2.52 eV (p-terphenyl) but above 2.10 eV (pyrene). 

However, upon direct excitation of the Mn(I) complexes in solution at 20°C, we were 

unable to detect long-lived excited states other than the MLCT in Figs. 3a/S25a. 

To get direct insight into the electronic structures of our coordinated ligands (and possible 

low-lying ligand-centered triplet states), we explored the [ZnCl2(Lbi)] complex (SI pages 

S21, S45, S70-S77). Expectedly, the UV-Vis spectrum of [ZnCl2(Lbi)] (Fig. S44) closely 

resembles that of uncoordinated Lbi, as the MLCT absorption bands observable for the 

Mn(I) complexes at 400 nm (Fig. 2/S24) are absent for Zn(II). In solution at 20 °C, 

[ZnCl2(Lbi)] exhibits luminescence with a band maximum at 440 nm (Fig. S44), blue-shifted 

more than 50 nm relative to the MLCT emissions in Figs. 2/S24. This luminescence with a 

lifetime of 1.24 ns (Fig. S45) is attributed to fluorescence from a 1-* state at 3.2 eV (Fig. 

4e). In our search for a low-lying 3-* state, we explored one Ru(II) and three Ir(III) 

complexes with well-defined triplet energies as sensitizers for TTET to [ZnCl2(Lbi)] (SI pages 

S73-S75). Selective excitation of the Ir(III) complexes with ET values between 2.4 and 2.7 

eV in presence of excess Zn(II) complex yields a long-lived (T > 50 s) photoproduct that 

can be assigned to triplet-excited [ZnCl2(Lbi)] (Fig. S47), whilst the Ru(II) complex with ET = 

2.2 eV fails to provide this photoproduct. From this we conclude that coordinated Lbi has 

3-* state at ca. 2.3 eV (Fig. 4e), and given the structural similarity between Lbi and Ltri, it 
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seems reasonable to assume that this is also the case for the tridentate ligand (for which 

we have been unable to isolate a stable Zn(II) complex). It follows that there must be a 

ligand-centered 3-* state at ca. 2.3 eV in [Mn(Lbi)3]+ and [Mn(Ltri)2]+ (Fig. 4d).  

 

 

Figure 4. Dual emission at 77 K, different excited states and their photo-reactivities. (a) 

Luminescence of [Mn(Ltri)2]+ (25 µM) after cw-excitation at 410 nm in de-aerated THF (293 

K) and 2-methyl-THF (77 K). (b) Luminescence at 77 K after pulsed excitation of [Mn(Ltri)2]+ 

(25 µM) at 410 nm and different detection delay times but constant integration times of 

1 s. (c) Black: UV-Vis spectrum of [Mn(Ltri)2]+ in THF at 293 K. Gray: Excitation spectrum 

monitoring the 600-nm emission of [Mn(Ltri)2]+ in 2-methyl-THF at 77 K. (d) Energy-level 

scheme for the Mn(I) complexes; colored arrows represent emissions observed at 20 °C 

(green) and 77 K (red), respectively. Wavy arrows denote nonradiative relaxation 

processes. (e) Energy-level scheme for the [ZnCl2(Lbi)] reference complex. Determination 

of the 3-* energy occurred with one ruthenium- and three iridium-based triplet 

sensitizers with well-defined triplet energies between 2.2 and 2.7 eV. 
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Indeed, when exciting the Mn(I) complexes in frozen 2-methyl-THF at 77 K, one observes 

dual emission (red trace in Fig. 4a/S26a), with two bands with maxima at 475 and 605 nm. 

The higher energy band resembles the room temperature emission (green trace), but the 

additional low-energy band is more prominent at 77 K. In time-gated experiments at 77 K 

(Figs. 4b/S26b), the intensity ratio between the two bands depends strongly on the time 

delay used for detection, because they have very disparate decay behavior. Whilst the 

475-nm emission decays within the instrumental limit (10 ns), the 605-nm luminescence 

has a lifetime of 118 s for [Mn(Lbi)3]+ and 213 s for [Mn(Ltri)2]+ at 77 K (Fig. S34). This 

low-energy emission clearly originates from the Mn(I) complexes, as the excitation 

spectra in Figs. 4c/S26c confirm. All of these data are in line with an MLCT state at 2.9 eV, 

which is responsible for the room temperature emission, and a ligand-centered 3-* 

state at ca. 2.3 eV, which only emits at low temperatures (Fig. 4d). At 20 °C, the 3-* 

state in the Mn(I) complexes deactivates rapidly and escapes direct detection by transient 

absorption spectroscopy, as noted above. Possibly, 3MC states deactivate the 3-* state 

at 20 °C.  
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Figure 5. Photoinduced energy and electron transfer. (a) Purple: Transient absorption (TA) 

spectrum after excitation of [Mn(Ltri)2]+ (25 µM) at 420 nm in presence of 40 mM 

anthracene (An) in de-aerated toluene. Orange: spectrum obtained under identical 

conditions without [Mn(Ltri)2]+. (b) Luminescence of the two solutions used in (a). (c) 

Green: TA spectrum after 420-nm excitation of [Mn(Ltri)2]+ (25 µM) in presence of 80 mM 

methyl viologen (MV2+) in de-aerated CH3CN. Red: UV-Vis difference spectrum upon 

electrochemical reduction of MV2+ to MV•+. (d) Blue: Difference between the red and the 

green spectra in (c); scaling factor chosen such that the difference between the TA 

spectrum of MV•+ and the spectrum of the oxidized complex was as small as possible. 

Black: TA difference spectrum resulting from oxidation of [Mn(Ltri)2]+ to [Mn(Ltri)2]2+, 

obtained after 410-nm excitation of [Mn(Ltri)2]+ (20 µM) in presence of 1 M CCl4 in de-

aerated CH3CN. All spectra measured at 20 °C, using pulse durations and energies of 10 ns 

and 6 mJ, respectively. Delay and integration times were 200 ns / 200 ns for (a), 200 ns / 

500 s for (b), 10 ns / 200 ns for (c) and (d). 
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With their luminescent MLCT states at 2.9 eV and ligand-centered 3-* states at 2.3 eV, 

the new family of Mn(I) complexes resembles special cases of Ru(II) polypyridine 

compounds, in which there are non-equilibrated MLCT and 3-* excited states (see SI 

pages S78-S79 for a broader discussion)44,45. Given this electronic structure, it seemed 

interesting to explore their photo-reactivities. After 420-nm excitation of the Mn(I) 

complexes in presence of 80 mM methyl viologen (MV2+) in CH3CN, they undergo electron 

transfer to form Mn(II) and MV•+ (Figs. 5c/S27c). Subtraction of the MV•+ contribution (red 

traces) from the transient absorption spectra (green traces) yields the blue traces in Figs. 

5d/S27d. The latter are in agreement with transient difference spectra from a separate 

experiment, in which the Mn(I) complexes were photo-oxidized to Mn(II) in presence of 

CCl4 (black traces)46. Based on Mn(I/II) potentials of ca. 1.0 V vs SCE (Table 1) and an 

energy of ca. 2.9 eV for the luminescent state (Figs. 2/S24), the excited-state oxidation 

potentials of [Mn(Lbi)3]+ and [Mn(Ltri)2]+ are ca. -1.9 V vs SCE, leading to roughly 1 eV 

driving-force for photoinduced electron transfer to MV2+. The reductive dechlorination of 

CCl4 implies that very challenging photoreductions are within reach. The MLCT 

luminescence of [Mn(Ltri)2]+ is quenched with a rate constant on the order of 3·109 M-1 s-1 

by MV2+ (SI page S63), indicating that photoinduced electron transfer to this acceptor 

occurs from the MLCT excited state (green box in Fig. 4d). Furthermore, we expect that 

the photoreduction of CCl4 also proceeds from the MLCT (rather than the 3-*) state for 

thermodynamic reasons, though we have been unable to perform analogous MLCT 

luminescence quenching studies due to the irreversibility of the electron transfer in this 

case.  

In toluene solutions containing 40 mM anthracene and 25 M of [Mn(Lbi)3]+ or [Mn(Ltri)2]+, 

photoinduced energy transfer is observable (Figs. 5a/S27a). Selective excitation of the 
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Mn(I) complexes results in the well-known triplet absorption spectrum of anthracene, 

which decays with lifetimes of 52-73 s (Fig. S37). Moreover, delayed anthracene 

fluorescence is detectable as a consequence of triplet-triplet annihilation (Figs. 

5b/S27b)47. These findings, together with our control experiments, provide unambiguous 

evidence for triplet-triplet energy transfer. Based on relative actinometry experiments 

with [Ru(bpy)3]2+ (SI pages S64-S65), the quantum efficiency of triplet energy transfer 

under these conditions is 9.4% for [Mn(Lbi)3]+ and 12.1% for [Mn(Ltri)2]+. The MLCT 

emission of the Mn(I) complexes remains virtually unquenched, indicating that the energy 

transfer to anthracene does not directly involve the MLCT state, but instead occurs from 

the 3-* state at 2.3 eV (pink box in Fig. 4d). 

In preparation of lab-scale photocatalysis experiments with our complexes, we performed 

photostability studies under long-term LED irradiation at 405 nm (SI page S62). In CH2Cl2, 

[Mn(Lbi)3]+ is considerably more photo-robust than [Mn(Ltri)2]+, and it seems possible that 

this is related to differences in metal-ligand bonding strengths between the two 

complexes. In particular, -backbonding is significantly stronger in [Mn(Lbi)3]+ than in 

[Mn(Ltri)2]+ according to infrared spectroscopy, which shows CN stretches of 2120 cm-1 

for both free ligands, compared to 2064 cm-1 for [Mn(Lbi)3]+ and 2081 cm-1 for  [Mn(Ltri)2]+ 

(SI pages S53-S54). Under 440-nm irradiation of 2 mM [Mn(Lbi)3]+ in a deaerated CD2Cl2 

solution containing 50 mM trans-stilbene (with a triplet energy of 2.14 eV), the 

photoisomerization to cis-stilbene was completed to 80% in 5 hours (SI pages S68-S69), 

whilst a reference solution containing no Mn(I) complex did not show significant 

conversion. This represents successful proof-of-concept for lab-scale photocatalysis and 

paves the way for further applications in synthetic photochemistry48. 
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Conclusions 

The family of Mn(I) isocyanide complexes introduced herein have their lowest MLCT 

states at significantly higher energies (ca. 0.8 eV) than a recently explored (isoelectronic) 

Cr(0) isocyanide complex20, mostly due to the higher metal oxidation state. The 

development of chelating isocyanide ligands has led to the long-sought MLCT emission 

from 3d6 metal complexes, which has been far more difficult to obtain than in Cu(I) 

compounds, where the lack of metal-centered excited states eliminates an important 

nonradiative decay channel. 

The photoactive excited states of our Mn(I) isocyanides are sufficiently long-lived for 

bimolecular reactions, they readily engage in photoinduced electron and energy transfer 

reactions, and the proof-of-concept for applications in sensitized triplet-triplet 

annihilation and photocatalysis is made. The observable electron transfer photoreactivity 

can occur from the emissive MLCT state, whilst the triplet energy transfer photoreactivity 

originates from a ligand-centered 3-* state. Unlike the previously studied Cr(0), Mo(0) 

and W(0) isocyanides20,37,39,49 the Mn(I) complexes are air-stable, and regeneration of 

their initial state after photo-oxidation is possible with common sacrificial reagents. This 

opens greater perspectives for photoredox catalysis and applications in artificial 

photosynthesis, for example photochemical water reduction or CO2 fixation. Further 

developments of Mn(I) coordination chemistry and photophysics seem desirable for this, 

but the foundations are now laid. The high abundance, low cost and comparatively low 

toxicity of many of its compounds make manganese a very attractive element. 

The finding that MLCT and ligand-centered 3-* states of our Mn(I) complexes can both 

be photoactive, including dual emission at 77 K, is unexpected and contrasts typical 

behavior of precious metal based compounds, where only the MLCT state is usually 
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emissive and photochemically relevant50. This fundamental insight complements recent 

unexpected discoveries concerning the photophysical behavior of first-row transition 

metal complexes, for example luminescent LMCT states in Fe(III) complexes16,17 or dual 

emission from V(III) complexes51. It seems that the photophysics and the photochemistry 

of coordination chemistry is at the verge of a new era, with important implications for 

diverse fields and applications, ranging from light-emitting devices and dye-sensitized 

solar cells to synthetic photochemistry, solar fuels production, and phototherapy. 

 

Data availability 

All characterization data of new substances and pertinent experimental procedures are 

provided in this article and its Supplementary Information. Additional data are also 

available from the corresponding author on reasonable request. 
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Reaction schemes 

 

Scheme S1. Synthesis of the tridentate ligand Ltri: a) AcOH, H2SO4 and HNO3 

(fuming), 80 °C, 1.5 h; b) thiophene-2-boronic acid pinacol ester, K2CO3, 

[Pd(dppf)Cl2]·CH2Cl2 in a mixture of toluene, EtOH and H2O, microwave, 140 °C, 30 

min; c) NBS in DMF, 60 °C, 16 h; d) bis(pinacolato)diboron, KOAc, 

[Pd(dppf)Cl2]·CH2Cl2 in DMSO, 85 °C, 16 h; e) 2,6-dibromo-4-methylaniline, K2CO3, 

[Pd(dppf)Cl2]·CH2Cl2 in a mixture of toluene, EtOH and H2O; f) Zn, N2H4·H2O in MeOH, 

70 °C, 3 days; g) Ac2O, formic acid, 100 °C, 16 h; h) POCl3, NEt3 in CH2Cl2, rt, 16 h.
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Scheme S2. Synthesis of the bidentate ligand Lbi: a) AcOH, H2SO4 and HNO3 

(fuming), 80 °C, 1.5 h; b) 2,5-bis(tri-n-butylstannyl)thiophene, [Pd(dppf)Cl2]·CH2Cl2 in 

xylene, 140 °C, 16 h; c) Zn, N2H4·H2O in MeOH, 70 °C, 16 h; d) Ac2O, formic acid, 100 

°C, 16 h; e) POCl3, di(iso-propyl)amine in CH2Cl2, rt, 3 h. 
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Synthesis 

1-bromo-3,5-di-tert-butyl-2-nitrobenzene 1

Following a previously published method1, 1-bromo-3,5-di-tert-butylbenzene (15 g, 

55.7 mmol) was dissolved in a mixture of glacial acetic acid (150 mL) and concentrated 

sulfuric acid (84 mL) at 50 °C. Fuming nitric acid (10 mL) was added and the solution 

was stirred at 80 °C for 90 min. The reaction mixture was poured into ice water and 

extracted with dichloromethane. The organic phase was washed with water and dried 

over anhydrous Na2SO4. The solvent was removed under reduced pressure. 1 (12.3 

g, 39 mmol, 70 %) was obtained by crystallization from ethanol as a white solid. 

1H-NMR (400 MHz, CDCl3):  7.50 (d, J = 2.0 Hz, 1 H), 7.49 (d, J = 2.0 Hz, 1 H), 1.38 

(s, 9 H), 1.32 (s, 9 H) ppm. 
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2-(3,5-di-tert-butyl-2-nitrophenyl)thiophene 2 

1 (1.5 g, 4.77 mmol), 4,4,5,5-tetramethyl-2-(2-thienyl)-1,3,2-dioxaborolan (1.1 g, 5.25 

mmol) and K2CO3 (3.3 g, 23.9 mmol) were dissolved in a mixture of toluene (10 mL), 

water (5 mL) and ethanol (2.5 mL). The solution was bubbled with nitrogen for 10 min 

before [Pd(dppf)Cl2]·CH2Cl2 (39 mg, 48 µmol) was added. The mixture was heated to 

140 °C for 30 min under microwave conditions. The reaction mixture was quenched 

with a sat. aq. NH4Cl solution. The organic phase was separated, dried over Na2SO4 

and filtered through a short silica column. The solvent was removed under reduced 

pressure to afford 2 (1.5 g, 4.7 mmol, 99 %) as a pale yellow solid. 

1H-NMR (400 MHz, CDCl3):  7.56 (d, J = 2.1 Hz, 1 H), 7.37 (dd, J = 5.0, 1.3 Hz, 1 H), 

7.34 (d, J = 2.1 Hz, 1 H), 7.07 – 7.03 (m, 2 H), 1.42 (s, 9 H), 1.35 (s, 9 H) ppm. 

13C-NMR (126 MHz, CDCl3):  152.4, 147.7, 140.1, 137.7, 127.6, 127.5, 127.2, 127.0, 

126.9, 125.2, 36.3, 35.2, 31.3, 31.1 ppm. 

IR:  2964.6 (m), 2872.0 (w), 1527.6 (m), 1365.6 (m), 1244.1 (w), 1203.6 (w), 881.5 

(w), 856.4 (w), 842.9 (m), 831.3 (m), 702.1 (m), 694.4 (m) cm-1. 

ESI-HRMS (m/z) calcd for C18H23NO2S+Na+: 340.1342. Found: 340.1336. 

Anal. calcd for C18H23NO2S: C, 68.11; H, 7.30; N, 4.41. Found: C, 67.81; H, 7.45; N, 

4.55. 

mp: 102 °C. 
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2-bromo-5-(3,5-di-tert-butyl-2-nitrophenyl)thiophene 3

2 (4.44 g, 14 mmol) and N-bromosuccinimide (3.24 g, 18.2 mmol) were dissolved in 

DMF (60 mL) and stirred at 60 °C for 16 h. The reaction mixture was poured into water. 

The precipitate was collected by filtration and washed with water. After drying, 3 (5.25 

g, 13.5 mmol, 97 %) was obtained as a beige solid. 

1H-NMR (400 MHz, CDCl3):  7.57 (d, J = 2.0 Hz, 1 H), 7.28 (d, J = 2.0 Hz, 1 H), 6.99 

(d, J = 3.9 Hz, 1 H), 6.81 (d, J = 3.9 Hz, 1 H), 1.41 (s, 9 H), 1.34 (s, 9 H) ppm. 

13C-NMR (126 MHz, CDCl3):  152.6, 147.5, 140.3, 139.2, 130.5, 127.6, 126.8, 126.6, 

125.8, 113.5, 36.3, 35.2, 31.3, 31.1 ppm. 

IR:  2960.7 (m), 2926.0 (w), 2872.0 (w), 1587.4 (w), 1525.7 (m), 1442.8 (w), 1365.6 

(m), 1242.2 (w), 1201.7 (w), 964.4 (m), 883.4 (w), 842.9 (w), 804.3 (m), 796.6 (m), 

655.8 (w), 613.4 (w), 594.1 (w), 497.6 (w) cm-1. 

ESI-HRMS (m/z) calcd for C18H22NO2BrS+NH4
+: 413.0893. Found: 413.0886. 

Anal. calcd for C18H22NO2BrS: C, 54.55; H, 5.60; N, 3.53. Found: C, 54.83; H, 5.65; N, 

3.72. 

mp: 121 °C. 
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2-(5-(3,5-di-tert-butyl-2-nitrophenyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane 4 

3 (7.52 g, 19 mmol), bis(pinacolato)diboron (6.26 g, 24.7 mmol) and KOAc (9.3 g, 95 

mmol) were dissolved in dry DMSO (80 mL) in a dried flask. The solution was bubbled 

with nitrogen for 15 min before [Pd(dppf)Cl2]·CH2Cl2 (310 mg, 380  µmol) was added. 

The reaction mixture was heated to 85 °C for 16 h before it was poured into water. The 

precipitate was collected by filtration and washed with water. The crude product was 

dissolved in dichloromethane, dried over Na2SO4 and filtered over a short silica 

column. The solvent was removed under reduced pressure to afford 4 (8.33 g, 18.8 

mmol, 99 %) as a beige solid. 

1H-NMR (500 MHz, CD2Cl2):  7.62 (d, J = 2.0 Hz, 1 H), 7.51 (d, J = 3.6 Hz, 1 H), 7.39 

(d, J = 1.9 Hz, 1 H), 7.12 (d, J = 3.6 Hz, 1 H), 1.42 (s, 9 H), 1.36 (s, 9 H), 1.35 (s, 12 

H) ppm.

13C-NMR (126 MHz, CD2Cl2):  153.1, 147.6, 145.0, 140.5, 137.7, 128.6, 127.6, 127.3, 

126.0, 84.7, 36.5, 35.5, 31.3, 31.1, 25.0 ppm. 

IR:  2966.5 (m), 2872.0 (w), 1527.6 (m), 1467.8 (m), 1373.3 (m), 1365.6 (m), 1309.7 

(m), 1269.2 (w), 1138.0 (m), 1074.4 (w), 883.4 (w), 846.8 (m), 819.8 (m), 665.4 (m) 

cm-1.

ESI-HRMS (m/z) calcd for C24H34NO4BS+Na+: 466.2194. Found: 466.2195. 

Anal. calcd for C24H34NO4BS: C, 65.01; H, 7.73; N, 3.16. Found: C, 65.24; H, 7.68; N, 

3.54. 

mp: 125 °C. 
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2,6-bis(5-(3,5-di-tert-butyl-2-nitrophenyl)thiophen-2-yl)-4-methylaniline 5 

4 (1.35 g, 3.04 mmol), 2,6-dibromo-4-methylaniline (403 mg, 1.52 mmol) and K2CO3 

(1.05 g, 7.6 mmol) were dissolved in a mixture of toluene (10 mL), water (5 mL) and 

ethanol (2.5 mL). The solution was bubbled with nitrogen for 10 min before 

[Pd(dppf)Cl2]·CH2Cl2 (50 mg, 61 µmol) was added. The mixture was heated to 140 °C 

for 30 min under microwave conditions. The reaction was quenched with a sat. aq. 

NH4Cl solution. The organic phase was separated, dried over Na2SO4 and filtered 

through a short silica column. The product was purified by column chromatography 

(silica, gradient from 2:1 (v/v) pentanes/dichloromethane to pure dichloromethane). 

The solvent was removed under reduced pressure to afford 5 (0.67 g, 0.91 mmol, 60 

%) as a light yellow, fluffy solid. 

1H-NMR (400 MHz, CD2Cl2):  7.61 (d, J = 1.9 Hz, 2 H), 7.43 (d, J = 1.9 Hz, 2 H), 7.19 

(d, J = 3.6 Hz, 2 H), 7.14 (s, 2 H), 7.06 (d, J = 3.6 Hz, 2 H), 2.29 (s, 3 H), 1.43 (s, 18 

H), 1.37 (s, 18 H) ppm. 

13C-NMR (126 MHz, CDCl3):  152.5, 147.5, 142.5, 140.3, 139.1, 137.8, 131.8, 127.9, 

127.5, 127.3, 127.0, 126.9, 125.3, 120.6, 36.3, 35.3, 31.3, 31.1, 20.4 ppm. 

IR:  2962.7 (m), 2872.0 (w), 1589.3 (w), 1529.6 (m), 1462.0 (m), 1373.3 (m), 1365.6 

(m), 842.9 (m), 819.8 (m), 657.7 (w) cm-1. 

ESI-HRMS (m/z) calcd for C43H51N3O4S2+H+: 738.3394. Found: 738.3389. 

Anal. calcd for C43H51N3O4S2: C, 69.98; H, 6.97; N, 5.69. Found: C, 69.97; H, 7.22; N, 

5.54. 

mp: 124 °C. 



Manganese(I) Isocyanide Complexes with MLCT Luminescence and Photoreactivity 

61 

6,6'-((2-amino-5-methyl-1,3-phenylene)bis(thiophene-5,2-diyl))bis(2,4-di-tert-

butylaniline) 6 

A suspension of 5 (1.40 g, 1.9 mmol), freshly activated zinc powder (496 mg, 7.6 mmol) 

and hydrazine (3.54 mL, 65 %wt, 47.4 mmol) in methanol was stirred at 70 °C for 3 

days. The reaction mixture was quenched with brine and extracted with 

dichloromethane. The organic phase was filtered over celite, dried over Na2SO4 and 

the solvent was removed under reduced pressure to afford 6 (1.25 g, 1.84 mmol, 97 

%) as a brown, fluffy powder. 

1H-NMR (400 MHz, CD2Cl2):  7.32 (d, J = 2.3 Hz, 2 H), 7.26 (d, J = 3.6 Hz, 2 H), 7.19 

- 7.18 (m, 4 H), 7.15 (s, 2 H), 4.47 (s, 2 H), 4.23 (s, 4 H), 2.30 (s, 3 H), 1.47 (s, 18 H),

1.30 (s, 18 H) ppm. 

13C-NMR (126 MHz, CD2Cl2):  142.7, 141.4, 140.6, 140.5, 140.0, 133.9, 131.6, 127.7, 

127.4, 127.0, 126.5, 124.5, 121.0, 120.9, 35.1, 34.5, 31.7, 30.0, 20.4 ppm. 

IR:  3491.2 (w), 3379.3 (w), 2958.8 (m), 287.01 (w), 1612.5 (m), 1591.3 (m), 1529.6 

(m), 1462.0 (m), 1442.8 (m), 1363.7 (m), 1240.2 (m), 1197.8 (w), 881.5 (w), 819.8 (m), 

812.0 (m) cm-1. 

ESI-HRMS (m/z) calcd for C43H55N3S2+H+: 678.3910. Found: 678.3903. 

Anal. calcd for C43H55N3S2·0.5H2O: C, 75.17; H, 8.22; N, 6.12. Found: C, 75.34; H, 

8.20; N, 6.11. 

mp: 132 °C. 
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N,N'-(((2-formamido-5-methyl-1,3-phenylene)bis(thiophene-5,2-diyl))bis(4,6-di-tert-

butyl-2,1-phenylene))diformamide 7 

 

Formic acid (10.5 mL) was slowly added to acetic anhydride (21 mL) at 0 °C. The 

mixture was stirred at 50 °C for 2 h. After cooling to 0 °C, 6 (1.25 g, 1.84 mmol) was 

added and the reaction mixture was stirred at 100 °C for 16 h. Ice water was added 

and the precipitate was collected by filtration. After washing with water, the crude 

product was dissolved in dichloromethane. The organic phase was dried over Na2SO4 

and the solvent was removed under reduced pressure. ESI-MS showed two mass 

peaks: 7+Na+ (m/z = 784.0, minor) and 7+CO+Na+ (m/z = 812.0, major), indicating the 

installment of 3 formamides (mass peak at 784.0) and additional (undesired) 

formylation of one formamide group (mass peak at 812.0). 

This crude material was stirred in a mixture of formic acid (40 mL) and water (2 mL) at 

80 °C for 16 h to remove the additional (undesired) formyl group of the 7+CO product 

detected by mass spectrometry. Ice water was added and the precipitate was collected 

by filtration. After washing with water, the crude product was dissolved in 

dichloromethane. The organic phase was dried over Na2SO4 and the solvent was 

removed under reduced pressure to afford 7 (1.33 g, 1.75 mmol, 95 %) as a brown, 

fluffy solid. The product was used without further purification. Due to different possible 

rotamers for each of the three formamide groups, NMR spectra show a complicated 

mixture of isomers. 

1H-NMR (400 MHz, CD2Cl2):  8.88 - 7.00 (m, 16 H), 2.45 - 2.24 (m, 3 H), 1.46 - 1.32 

(m, 36 H) ppm. 

13C-NMR (126 MHz, CD2Cl2):  166.3, 166.2, 166.1, 166.0, 165.9, 165.8, 165.5, 163.4, 

163.3, 163.1, 162.9, 162.7, 162.2, 151.3 - 151.0 (multiple signals), 148.4 - 148.0 

(multiple signals), 143.7, 143.0 - 141.6 (multiple signals), 140.9, 140.3, 140.1, 139.8, 

138.6 - 138.4 (multiple signals), 135.3 - 134.1 (multiple signals), 133.2, 132.8, 131.8, 

131.6, 131.1 - 130.9 (multiple signals), 129.9 - 129.4 (multiple signals), 128.6 - 126.4 
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(multiple signals), 125.1 - 124.9 (multiple signals), 120.9, 120.8, 120.7, 36.2 - 36.0 

(multiple signals), 35.3, 35.2, 21.2 ppm. 

IR:  3485.4 (w), 3373.5 (w), 3236.6 (w), 2958.8 (m), 2906.7 (w), 2870.1 (w), 1680.0 

(m), 1593.2 (w), 1529.6 (m), 1464.0 (m), 1363.7 (m), 1242.2 (w), 1200.0 (w), 879.5 

(w), 810.1 (w), 590.2 (w) cm-1. 

ESI-HRMS (m/z) calcd for C46H55N3O3S2+Na+: 784.3577. Found: 784.3567. 

Anal. calcd for C46H55N3O3S2·0.5H2O: C, 71.65; H, 7.32; N, 5.45. Found: C, 71.54; H, 

7.50; N, 5.38. 

mp: 184 °C. 
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5,5'-(2-isocyano-5-methyl-1,3-phenylene)bis(2-(3,5-di-tert-butyl-2-

isocyanophenyl)thiophene) Ltri 

7 (150 mg, 0.2 mmol) was dissolved in dry dichloromethane (10 mL) under an argon 

atmosphere. Dry triethylamine (0.68 mL, 4.9 mmol) was added and the solution was 

cooled to 0 °C. POCl3 (0.37 mL, 3.9 mmol) was added dropwise. The reaction mixture 

was stirred at rt for 16 h before it was quenched with an aqueous Na2CO3 solution. The 

aqueous phase was extracted with dichloromethane. The organic phase was dried 

over Na2SO4 and the solvent was removed under reduced pressure. The crude product 

was purified by column chromatography (silica, gradient from 3:1 (v/v) 

pentanes/dichloromethane to 1:2 (v/v) pentanes/dichloromethane). Ltri (98 mg, 0.14 

mmol, 70 %) was obtained as a light beige, fluffy solid. 

1H-NMR (400 MHz, CD2Cl2):  7.60 (d, J = 3.8 Hz, H-7, 2 H), 7.52 (d, J = 2.1 Hz, H-12, 

2 H), 7.47 (d, J = 2.1 Hz, H-14, 2 H), 7.45 (s, H-3, 2 H), 7.44 (d, J = 3.8 Hz, H-6, 2 H), 

2.46 (s, H-15, 3 H), 1.58 (s, H-17, 18 H), 1.37 (s, H-19, 18 H) ppm. 

13C-NMR (126 MHz, CD2Cl2):  174.65 (C-21), 173.67 (C-20), 152.82 (C-13), 146.91 

(C-11), 141.71 (C-8), 140.72 (C-4), 139.82 (C-5), 133.33 (C-9), 132.86 (C-2), 131.06 

(C-3), 129.17 (C-6), 129.05 (C-7), 126.58 (C-14), 124.62 (C-12), 121.28 (C-10), 119.42 

(C-1, from HMBC cross signal), 36.16 (C-16), 35.60 (C-18), 31.40 (C-19), 29.65 (C-

17), 21.62 (C-15) ppm. 

IR:  2962.2 (m), 2873.0 (w), 2109.7 (m), 1594.0 (w), 1469.1 (w), 1434.1 (w), 1407.8 

(w), 1365.1 (w), 1281.7 (w), 1242.4 (w), 1202.3 (w), 885.6 (w), 859.4 (w), 804.5 (m), 

755.9 (w), 657.6 (w), 622.0 (w) cm-1. 

ESI-HRMS (m/z) calcd for C46H49N3S2+Na+: 730.3260. Found: 730.3262. 

Anal. calcd for C46H49N3S2·0.5H2O: C, 77.05; H, 7.03; N, 5.86. Found: C, 76.79; H, 

7.10; N, 5.46. 

mp: 96 °C. 
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[Mn(Ltri)2]PF6 

Ltri (52.8 mg, 74.5 µmol) and [Mn(CO)5Br] (10 mg, 36.4 µmol) were dissolved in THF 

(5 mL) under an inert gas atmosphere. The reaction mixture was heated to reflux for 

16 h. A saturated aqueous solution of KPF6 was added and the precipitate was 

separated by filtration. The crude product was washed with water and dissolved in 

dichloromethane. The organic phase was separated, dried over Na2SO4 and the 

solvent was removed under reduced pressure. The product was purified by 

recrystallization from cyclohexane to afford [Mn(Ltri)2]PF6 (24 mg, 15 µmol, 41 %) as a 

yellow to light orange solid. 

1H-NMR (600 MHz, CD2Cl2):  7.58 (s, H-3, 4 H), 7.43 (d, J = 2.2 Hz, H-14, 4 H), 7.39 

(d, J = 2.2 Hz, H-12, 4 H), 7.08 (d, J = 3.5 Hz, H-6, 4 H), 7.00 (d, J = 3.5 Hz, H-7, 4 H), 

2.59 (s, H-15, 6 H), 1.29 (s, H-19, 36 H), 1.28 (s, H-17, 36 H) ppm. 

13C-NMR (151 MHz, CD2Cl2):  180.85 (C-20), 178.59 (C-21), 152.24 (C-13), 146.56 

(C-11), 141.22 (C-8), 139.95 (C-4), 139.35 (C-5), 133.63 (C-9), 132.98 (C-2), 130.27 

(C-3), 128.76 (C-6), 127.43 (C-7), 125.63 (C-14), 125.20 (C-1), 124.78 (C-12), 124.00 

(C-10), 36.02 (C-16), 35.56 (C-18), 31.33 (C-19), 30.01 (C-17), 21.87 (C-15). 

55Mn-NMR (148.5 MHz, CD2Cl2):  -1419 (s, 1 Mn) ppm. 

IR:  2961.1 (w), 2927.6 (w), 2871.2 (w), 2108.5 (w), 2073.7 (m), 1593.5 (w), 1465.7 

(w), 1431.7 (w), 1364.8 (w), 1243.1 (w), 1202.6 (w), 884.6 (w), 840.1 (m), 805.7 (m), 

756.6 (w), 700.8 (w), 656.4 (w) cm-1. 

ESI-HRMS (m/z) calcd for C92H98N6MnS4
+: 1469.6144. Found: 1469.6136. 

Anal. calcd for C92H98N6F6MnPS4: C, 68.38; H, 6.11; N, 5.20. Found: C, 67.97; H, 6.64; 

N, 5.46. 

mp: > 250 °C. 
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2,5-bis(3,5-di-tert-butyl-2-nitrophenyl)thiophene 8 

 

1 (1.22 g, 3.89 mmol) was dissolved in xylene (20 mL) and the solution was bubbled 

with nitrogen. 2,5-Bis(tri-n-butylstannyl)thiophene (1.00 g, 1.55 mmol, 0.86 mL) and 

[Pd(dppf)Cl2]·CH2Cl2 (63 mg, 0.07 mmol) were added to the reaction mixture. The 

mixture was stirred at 140 °C for 16 h. The solvent was removed and the crude product 

was purified by column chromatography (silica, gradient from pentanes to 1:1 (v/v) 

pentanes/dichloromethane) to afford 8 (834 mg, 1.51 mmol, 98 %) as a bright yellow 

solid. 

1H-NMR (400 MHz, CD2Cl2):  7.62 (d, J = 1.9 Hz, 2 H), 7.41 (d, J = 1.9 Hz, 2 H), 6.98 

(s, 2 H), 1.43 (s, 18 H), 1.37 (s, 18H) ppm. 

13C-NMR (101 MHz, CD2Cl2):  153.3, 147.8, 140.7, 139.7, 127.8, 127.5, 127.2, 126.2, 

36.7, 35.6, 31.4, 31.2 ppm. 

IR:  2960.7 (m), 2872.0 (w), 1525.7 (m), 1469.8 (w), 1365.6 (m), 1246.0 (w), 881.5 

(m), 844.8 (m), 815.9 (w), 615.3 (w) cm-1. 

ESI-HRMS (m/z) calcd for C32H42N2O4S+Na+: 573.2757. Found: 573.2756. 

Anal. calcd for C32H42N2O4S·0.5H2O: C, 68.66; H, 7.74; N, 5.00. Found: C, 68.89; H, 

7.64; N, 5.14. 

mp: 242 °C. 
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6,6'-(thiophene-2,5-diyl)bis(2,4-di-tert-butylaniline) 9 

 

Hydrazine monohydrate (1.86 g, 37.2 mmol, 1.80 mL) was added to a suspension of 8 

(755 mg, 1.45 mmol) and zinc powder (388 mg, 5.88 mmol) in dry MeOH (5 mL). The 

mixture was heated to reflux for 16 h. The yellow suspension was diluted with 

dichloromethane, filtered over celite and washed with brine. The light green organic 

phase was dried over Na2SO4 and the solvent was removed under reduced pressure 

to afford 9 (708 mg, 1.44 mmol, 99 %) as a green-yellow solid. 9 was used without 

further purification. 

1H-NMR (400 MHz, CD2Cl2):  7.32 (d, J = 2.3 Hz, 2 H), 7.18 (d, J = 2.3 Hz, 2 H), 7.16 

(s, 2 H), 4.24 (s, 4 H), 1.48 (s, 18 H), 1.31 (s, 18 H) ppm. 

13C-NMR (101 MHz, CD2Cl2):  142.7, 140.8, 140.5, 133.9, 127.3, 126.6, 124.5, 121.2, 

35.3, 34.6, 31.9, 30.1 ppm. 

IR:  3498.9 (w), 3394.7 (w), 2956.9 (m), 2906.7 (w), 2870.1 (w), 1612.5 (m), 1599.0 

(w), 1477.5 (w), 1462.0 (w), 1440.8 (m), 1361.7 (w), 1259.5 (w), 1240.2 (m), 1195.9 

(w), 883.4 (w), 808.2 (w), 642.3 (w) cm-1. 

ESI-HRMS (m/z) calcd for C32H46N2S+H+: 491.3454. Found: 491.3457. 

Anal. calcd for C32H46N2S·1H2O: C, 75.54; H, 9.51; N, 5.51. Found: C, 75.76; H, 9.38; 

N, 5.51. 

mp: 198 °C. 
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N,N'-(thiophene-2,5-diylbis(4,6-di-tert-butyl-2,1-phenylene))diformamide 10 

Formic acid (7.80 mL, 207 mmol) was added dropwise to acetic anhydride (15.6 mL, 

165 mmol) within 10 min at 0 °C. The mixture was allowed to warm to rt and stirred at 

50 °C for 2 h. After reaching rt, the mixture was cooled to 0 °C and 9 (708 mg, 1.44 

mmol) was added. The mixture was stirred at 100 °C for 16 h. Ice water (45 mL) was 

added, the precipitate collected by filtration and washed with water (300 mL). The 

precipitate was dissolved in dichloromethane. The organic phase was dried over 

Na2SO4 and the solvent was removed under reduced pressure to afford 10 (612mg, 

1.12 mmol, 80 %) as a white solid. 

The product was isolated as a mixture of isomers (formamide rotamers) leading to a 

complex NMR spectrum. 

1H-NMR (400 MHz, CD2Cl2):  9.04 - 6.74 (m, 10 H), 1.46 - 1.33 (m, 36 H) ppm. 

13C-NMR (126 MHz, CD2Cl2):  165.7, 162.4, 151.3, 151.1, 148.5, 148.4, 148.0, 147.8, 

143.3, 142.6, 141.6, 135.3, 134.8, 134.5, 129.8, 129.6, 128.3, 127.9, 127.6, 127.1, 

126.8, 126.6, 126.5, 125.1, 124.9, 36.7, 36.2, 36.1, 35.3, 35.2, 31.5 - 31.2 (multiple 

signals) ppm. 

IR:  3174.8 (w), 2960.7 (m), 2906.7 (w), 2870.1 (w), 1678.1 (m), 1477.5 (w), 1363.7 

(w), 1288.5 (w), 1246.0 (w), 1201.7 (w), 1166.9 (w), 879.5 (w), 819.8 (w), 725.2 (w), 

653.9 (w), 493.8 (w) cm-1. 

ESI-HRMS (m/z) calcd for C34H46N2O2S+Na+: 569.3172. Found: 569.3172. 

Anal. calcd for C34H46N2O2S·1H2O: C, 72.30; H, 8.57; N, 4.96. Found: C, 72.57; H, 

8.27; N, 4.85. 

mp: 148 °C. 
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2,5-bis(3,5-di-tert-butyl-2-isocyanophenyl)thiophene Lbi 

10 (612 mg, 1.12 mmol) was dissolved in dry dichloromethane (35 mL) under an argon 

atmosphere. Di(iso-propyl)amine (1.06 mL, 7.84 mmol) was added and the mixture 

cooled to 0 °C. POCl3 (0.42 mL, 3.9 mmol) was added dropwise. The solution turned 

dark yellow and was allowed to warm to rt. After stirring for 3 h, a solution of Na2CO3 

in water (1.5 M, 26.4 mL) was added and the biphasic system was vigorously stirred 

for 16 h. Saturated aqueous NaHCO3 solution (23.2 mL) was added and the aqueous 

phase was extracted with dichloromethane. The organic phase was dried over Na2SO4 

and the solvent removed under reduced pressure. The crude product was purified by 

column chromatography (silica, gradient from 20:1 (v/v) pentanes/DCM to 1:1 (v/v) 

pentanes/DCM) to afford Lbi (260 mg, 0.510 mmol, 45 %) as a yellow oil, which slowly 

solidifies to form a light yellow solid.  

1H-NMR (400 MHz, CD2Cl2):  7.50 (d, J = 2.1 Hz, 6-H, 2 H), 7.45 (d, J = 2.1 Hz, 8-H, 

2 H), 7.42 (s, 1-H, 2 H), 1.57 (s, 10-H, 18 H), 1.35 (s, 12-H, 18 H) ppm. 

13C-NMR (101 MHz, CD2Cl2):  174.5 (C-13), 152.8 (C-7), 146.9 (C-5), 141.1 (C-3), 

133.6 (C-2), 128.8 (C-1), 126.5 (C-8), 124.5 (C-6), 121.2 (C-4, from HMBC cross peak), 

36.1 (C-9), 35.6 (C-11), 31.4 (C-12), 29.7 (C-10) ppm. 

IR:  2961.8 (m), 2874.0 (w), 2113.1 (m), 1593.2 (w), 1409.0 (w), 1364.7 (m), 1281.7 

(w), 1247.0 (w), 886.3 (m), 798.0 (m), 762.9 (w), 657.7 (m) cm-1. 

ESI-HRMS (m/z) calcd for C34H42N2S+Na+: 533.2961. Found: 533.2958. 

Anal. calcd for C34H42N2S: C, 79.95; H, 8.29; N, 5.48. Found: C, 79.54; H, 8.50; N, 

5.39. 

mp: 88 °C. 
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[Mn(Lbi)3]PF6 

Lbi (94.8 mg, 282 µmol) and [Mn(CO)5Br] (25 mg, 91 µmol) were dissolved in THF (5 

mL) under an inert gas atmosphere. The reaction mixture was heated to reflux for 16 

h. A saturated aqueous solution of KPF6 was added and the precipitate was separated 

by filtration. The crude product was washed with water and dissolved in 

dichloromethane. The organic phase was separated, dried over Na2SO4 and the 

solvent was removed under reduced pressure. The product was purified by 

recrystallization from cyclohexane to afford [Mn(Ltri)2]PF6 (69 mg, 58 µmol, 64 %) as a 

yellow to light orange solid. 

1H-NMR (600 MHz, CD3OD):  7.56 (d, J = 2.2 Hz, H-6, 6 H), 7.51 (d, J = 2.2 Hz, H-8, 

6 H), 7.14 (s, H-1, 6 H), 1.37 (s, H-12, 54 H), 1.36 (s, H-10, 54 H) ppm. 

13C-NMR (151 MHz, CD3OD):  174.3 (C-13), 153.4 (C-7), 147.1 (C-5), 141.2 (C-3), 

135.4 (C-2), 129.5 (C-1), 126.5 (C-8), 125.6 (C-6), 124.8 (C-4), 37.0 (C-9), 36.2 (C-

11), 31.6 (C-12), 31.4 (C-10) ppm.  

55Mn-NMR (148.5 MHz, CD3OD):  -1225 (s, 1 Mn) ppm. 

IR:  2955.0 (w), 2924.1 (w), 2870.1 (w), 2058.1 (m), 1363.7 (w), 1241.2 (w), 883.4 

(w), 839.1 (w), 804.3 (w), 758.0 (w), 699.2 (w), 655.8 (w), 584.4 (m), 557.4 (w), 501.5 

(w) cm-1. 

ESI-HRMS (m/z) calcd for C102H126N6MnS3
+: 1585.8615. Found: 1585.8615. 

Anal. calcd for C102H126N6F6MnPS3·C6H12: C, 71.42; H, 7.66; N, 4.63. Found: C, 71.78; 

H, 7.84; N, 4.98. 

mp: > 250 °C. 
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[ZnCl2(Lbi)] 

 

Lbi (60 mg, 117.4 µmol) was dissolved in dry hexane (3 mL). A solution of ZnCl2 (84 

µL, 58.7 µmol, 0.7 M in THF) was added and the reaction mixture was stirred at 90 °C 

for 90 min in a closed vessel. The precipitate was collected by filtration, washed with 

hexane and used without further purification. 

[ZnCl2(Lbi)] is stable as a solid at rt, but rapidly loses the isocyanide ligand upon contact 

with coordinating solvents such as THF, MeCN or water. 

1H-NMR (400 MHz, CD2Cl2):  7.60 (d, J = 2.0 Hz, H-6, 4 H), 7.51 (d, J = 2.0, H-4, 4 

H), 7.19 (s, H-1, 4 H), 1.53 (s, H-12, 36 H), 1.37 (s, H-10, 36 H) ppm. 

13C-NMR (126 MHz, CDCl3): 155.8 (C-5), 148.6 (C-13), 148.0 (C-7), 140.0 (C-2), 135.9 

(C-3), 129.5 (C-1), 126.9 (C-4), 125.5 (C-6), 119.9 (C-8), 36.2 (C-11), 35.8 (C-9), 31.1 

(C-10), 29.8 (C-12)  ppm. 

IR:  2959.8 (m), 2871.1 (w), 1944.3 (m), 1590.3 (m), 1464.0 (m), 1411.9 (w), 1364.7 

(m), 1201.7 (m), 1151.5 (m), 1051.2 (w), 884.4 (m), 797.6 (m), 658.7 (m), 534.3 (w) 

cm-1. 

MALDI-MS (m/z) calcd for C34H42N2ClSZn: 609.205. Found: 609.378. 

Anal. calcd for C34H42N2Cl2SZn: C, 63.11; H, 6.54; N, 4.33. Found: C, 63.09; H, 6.43; 

N, 4.43. 

mp: 227 °C. 

Single crystals of [ZnCl2(Lbi)·0.5C2H4Cl2] were obtained by vapor diffusion of of n-

hexane into a solution of [ZnCl2(Lbi)] in 1,2-dichloroethane. Table S1 contains the 

crystal data of [ZnCl2(Lbi)·0.5C2H4Cl2] and Figure S23 displays the X-ray crystal 

structure with 50 % probability ellipsoids. The file CCDC 2047767 contains the 

supplementary crystallographic data for [ZnCl2(Lbi)·0.5C2H4Cl2]. This data is provided 

free of charge by The Cambridge Crystallographic Data Centre. 
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Table S1. Crystallographic data for [ZnCl2(Lbi)·0.5C2H4Cl2]. 

Formula C34H42N2Cl2SZn·0.5C2H4

Cl2 

Dcalc./ g cm-3 1.306 

µ/mm-1 2.436 

Formula Weight 696.50 

Colour colourless 

Shape block 

Size/mm3 0.22×0.19×0.14 

T/K 150 

Crystal System triclinic 

Space Group P-1

a/Å 10.8241(7) 

b/Å 11.5193(7) 

c/Å 15.5295(9) 

α/° 100.376(5) 

β/° 99.516(5) 

γ/° 107.069(5) 

V/Å3 1771.1(2) 

Z 2 

Z' 1 

Wavelength/Å 1.34143 

Radiation type GaKα 

ϴmin/° 2.587 

ϴmax/° 58.248 

Measured Reflections 37115 

Independent Reflections  7361 

Reflections I≥2 σ(I) 7002 

Rint 0.0486 

Parameters 391 

Restraints 0 

Largest Peak 0.894 

Deepest Hole -0.449

GooF 1.031 

wR2 (all data) 0.1315 

wR2 0.1291 

R1 (all data) 0.0487 

R1 0.0470 
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Mass spectra 

Figure S14. ESI-MS of Ltri: Main peaks: M+Na+ (m/z = 730) and 2M+Na+ (m/z = 

1439).  
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Figure S15. Top: Experimental ESI-HRMS of Ltri: Below (from top to bottom): 

Simulations for M+H+ (708.3341), M+NH4
+ (725.3706), M+Na+ (730.3260), and 

M+K+ (746.2999). 
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Figure S16. ESI-MS of [Mn(Ltri)2]PF6. Main peak: M+ (m/z = 1469). 
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Figure S17. Top: Experimental ESI-HRMS of [Mn(Ltri)2]PF6. Bottom: simulated 

spectrum for [Mn(Ltri)2]+.  
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Figure S18. ESI-MS of Lbi. Main peaks: M+CH3CN+Na+ (m/z = 574) and 2M+Na+ 

(m/z = 1043). 
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Figure S19. Top: Experimental ESI-HRMS of Lbi; middle: simulated spectrum for 

M+H+; bottom: simulated spectrum for M+Na+. 
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Figure S20. ESI-MS of [Mn(Lbi)3]PF6. Main peak: M+ (m/z = 1586). 
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Figure S21. Top: Experimental ESI-HRMS of [Mn(Lbi)3]PF6. Middle: simulated 

spectrum for [Mn(Lbi)3]+. Bottom: simulated spectrum for [Mn(Lbi)3]++CH3CN. 
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Figure S22. Top: Experimental MALDI-MS spectrum of [ZnCl2(Lbi)]. Bottom: 

Simulated spectrum for [ZnCl(Lbi)]+ (m/z = 609). 
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Crystal structure 

 

Figure S23. Crystal structure of [ZnCl2(Lbi)]. CCDC 2047767 contains the full 

supplementary crystallographic data for [ZnCl2(Lbi)·0.5C2H4Cl2]. This data is 

provided free of charge by The Cambridge Crystallographic Data Centre. 
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Equipment and methods 

 

All 1H and 13C NMR experiments were performed at a temperature of 298 K on 

Bruker Avance III NMR spectrometers operating at 400, 500 or 600 MHz. 

All chemical shifts are reported in δ values in ppm referred to protons of the residual 

non-perdeuterated solvent used or its carbon atoms, respectively. 

The 55Mn (I = 5/2) NMR experiments were performed on a 14.1 T instrument at a 

frequency of 148.559259 MHz using a broadband direct observe probe (BBFO). 

The transmitter offset was chosen as –1400 ppm and a spectral width of 990 ppm 

(147 kHz) was applied. The 90° pulse was 13 µs at a power level of 100 W. We 

used a 90° excitation, an acquisition time of 323.8 ms and a recycling delay of 100 

ms. 36 k scans were acquired and multiplied with an exponential line broadening 

function (lb = 1000 Hz) before Fourier transformation. The 55Mn chemical shifts 

were referenced to a saturated solution of KMnO4 in D2O as  = 0.00 ppm2. The 

recommended reference concentration of 0.82 mol/kg (13% w/w) is more than 

twice higher than the solubility in water at rt and cannot be correct. 

ESI-MS spectra were measured on a Shimadzu LC-MS 8030 Plus mass 

spectrometer. HRMS spectra were measured on a Bruker maxis 4G HiRes ESI 

mass spectrometer.  

Matrix-assisted laser desorption/ionization (MALDI) measurements were 

performed using a MALDI plate MSP 96 target ground steel on a Bruker Microflex 

mass spectrometer with trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) as a matrix. 

Elemental analysis was conducted on an Elementar Vario MICRO Cube 

instrument. 

Crystal structures were measured on a STOE STADIVARI diffractometer equipped 

with an Oxford Cryosystems low-temperature device operating at T = 150 K. Single 

colorless block crystals of [ZnCl2(Lbi)] were used as supplied. A suitable crystal with 

dimensions 0.22 × 0.19 × 0.14 mm3 was selected and mounted on a mylar loop 

in perfluoroether oil. The crystal was kept at a steady T = 150 K during data 

collection. The structure was solved with the ShelXT 3  solution program using dual 

methods and by using Olex2 4 as the graphical interface. The model was refined 

with ShelXL 2018/3 3 using full matrix least squares minimization on F2. 
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Cyclic voltammetry was performed using a Versastat3-200 or a Versastat4-200 

potentiostat from Princeton Applied Research. For oxidative measurements, a 

glassy carbon disk electrode served as a working electrode, a silver wire as counter 

electrode and an SCE as reference electrode. For reductive measurements, a 

glassy carbon disk electrode served as a working electrode and two silver wires as 

counter and pseudo-reference electrode. Ferrocene was added as internal 

reference. The solvent was dry de-aerated acetonitrile or CH2Cl2 with 0.1 M 

TBAPF6 (tetra-n-butylammonium hexafluorophosphate) as an electrolyte. Potential 

sweep rates were 0.1 V/s. 

Optical absorption spectra were recorded on a Cary 5000 instrument from Varian. 

Steady-state luminescence spectra were measured on a Fluorolog-322 from 

Horiba Jobin-Yvon. 

ATR-IR spectroscopy was performed with a Varian 800 FT-IR Scimitar Series 

instrument and a Shimadzu IRTracer-100. IR spectroscopy in solution was 

performed on a Bruker Vertex 70v instrument. 

An LP920-KS instrument from Edinburgh Instruments was employed for 

nanosecond transient absorption spectroscopy and time-resolved luminescence 

spectroscopy. The frequency-doubled output of a Quantel Brilliant b laser served 

as an excitation source. The laser pulse duration was 10 ns and the pulse 

frequency was 10 Hz. The typical pulse energy used for the nanosecond transient 

absorption studies was 6-7 mJ. Detection of transient absorption spectra occurred 

on an iCCD camera from Andor. Single-wavelength kinetics were recorded using 

a photomultiplier tube.  

Transient absorption studies with sub-nanosecond time resolution were performed 

using a TRASS instrument from Hamamatsu and a mode-locked picosecond 

Nd:YVO4/YAG laser (model PL2251B-20-SH/TH/FH with PRETRIG option) as an 

excitation source. The laser pulse duration was ~30 ps and the pulse frequency 

was 10 Hz. The laser pulse energy of 8 mJ at 355 nm powers an Ekspla PG402-

264 OPA with an energy output of 0.9 mJ at 410 nm. High optical densities (OD) 

were required to afford good data quality. Best results for [Mn(Ltri)2]PF6 were 

obtained with OD = 0.35 and OD = 1.00 for [Mn(Lbi)3]PF6 at 410 nm. This in turn 

required the use of CH2Cl2 as solvent for the picosecond transient absorption 
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studies, because the solubility of the Mn(I) complexes in that solvent is significantly 

higher than in CH3CN. 

Luminescence lifetimes were recorded with an Edinburgh Instruments Lifespec II 

with a 313 nm pulsed LED or a 405 nm picosecond pulsed diode laser (pulse width 

900 and 60 ps, respectively) and a pulse period of 50 ns. 

Continuous-wave photo-irradiation was carried out at room temperature using 

either a 405 nm (665 mW power output) collimated LED with attached heat sink 

purchased from ThorLabs, or a 440 nm PR160-440 collimated LED (power 

consumption 45 W) from Kessil. 

Most of the measurements were performed in CH3CN, but for certain experiments 

other solvents were necessary. For instance, picosecond transient absorption 

studies had to be performed in CH2Cl2 (see above), and investigations of 

photoinduced energy transfer to anthracene were performed in toluene to ensure 

sufficiently high solubility of all components. Photostability studies were performed 

in CH2Cl2 because the lab-scale stilbene isomerization experiment required long 

irradiation times, and the substrate was particularly well soluble in CH2Cl2. 

In 55Mn-NMR spectroscopy, the slightly more upfield resonance signal for 

[Mn(Ltri)2]+ indicates a larger electron density on this complex compared to 

[Mn(Lbi)3]+, a finding that is confirmed by the slightly lower oxidation potential of the 

former (c.f. Table 1). The significantly larger linewidth of the 55Mn resonance in 

[Mn(Ltri)2]+ (5900 Hz vs. 2100 Hz) reflects the lower symmetry of this complex.   
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Additional optical spectroscopic and electrochemical data 

Figure S24. Steady-state absorption and emission spectroscopy. Left, purple 

lines: UV-Vis absorption spectra of [Mn(Lbi)3]+ (solid) and Lbi (dotted) in CH2Cl2. 

Right: Luminescence spectra of [Mn(Lbi)3]+ following excitation at 410 nm (exc) in 

four different de-aerated solvents. The asterisks mark peaks caused by Raman 

scattered excitation light. 
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Figure S25. Time-resolved and (spectro-)electrochemical data. (a) UV-Vis 

transient difference spectrum of 67 µM [Mn(Lbi)3]+ in de-aerated CH2Cl2 at 20 °C, 

time-integrated over 2 ns following excitation at 410 nm with 30-ps laser pulses. 

(b) UV-Vis changes upon electrochemical (ligand-centered) reduction in CH3CN.

(c) UV-Vis changes upon electrochemical (metal-centered) oxidation in CH3CN. (d)

Decays of the excited-state absorption (ESA) signal at 470 nm (black, exc = 410 

nm) and the luminescence intensity at 460 nm (blue, exc = 405 nm) of [Mn(Lbi)3]+ 

in de-aerated CH2Cl2 at 20 °C. (e) Cyclic voltammogram (CV) showing ligand-

based reduction in deaerated CH3CN. (f) CV showing metal-based oxidation in 

CH2Cl2. The electrolyte was 0.1 M TBAPF6. 
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Figure S26. Dual luminescence at 77 K. (a) Luminescence of [Mn(Lbi)3]+ (25 µM) 

after cw-excitation at 410 nm in de-aerated THF (green, 293 K) and 2-methyl-THF 

(red, 77 K). The asterisk marks a peak caused by Raman scattered excitation light. 

(b) Luminescence at 77 K after pulsed excitation of [Mn(Lbi)3]+ (25 µM) at 410 nm 

and different detection delay times but constant integration times of 1 µs. (c) Black: 

UV-Vis spectrum of [Mn(Lbi)3]+ in THF at 293 K. Gray: Excitation spectrum 

monitoring the 600-nm luminescence of [Mn(Lbi)3]+ in 2-methyl-THF at 77 K.  
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Figure S27. Photoinduced energy and electron transfer. (a) Purple: Transient 

absorption (TA) spectrum after excitation of [Mn(Lbi)3]+ (25 µM) at 420 nm in 

presence of 40 mM anthracene (An) in de-aerated toluene. Orange: spectrum 

obtained under identical conditions without [Mn(Lbi)3]+. (b) Luminescence of the two 

solutions used in (a). (c) Green: TA spectrum after 420-nm excitation of [Mn(Lbi)3]+ 

(25 µM) in presence of 80 mM methyl viologen (MV2+) in de-aerated CH3CN. Red: 

UV-Vis difference spectrum upon electrochemical reduction of MV2+ to MV•+. (d) 

Blue: Difference between the red and the green spectra in (c); scaling factor 

chosen such that the difference between the TA spectrum of MV•+ and the 

spectrum of the oxidized complex was as small as possible. Black: TA difference 

spectrum resulting from oxidation of [Mn(Lbi)3]+ to [Mn(Lbi)3]2+, obtained after 410-

nm excitation of [Mn(Lbi)3]+ (20 µM) in presence of 1 M CCl4 in de-aerated CH3CN. 

All spectra measured at 20 °C, using pulse durations and energies of 10 ns and 6 

mJ, respectively. Delay and integration times were 200 ns / 200 ns for (a), 200 ns 

/ 500 s for (b), 10 ns / 200 ns for (c) and (d). 
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Figure S28. Solid state infrared spectra of complexes (black traces) and ligands 

(red traces): (a) [Mn(Lbi)3]+ and Lbi; (b) [Mn(Ltri)2]+ and Ltri. (c, d) Spectral region of 

the isocyanide (CN) stretching vibration on enlarged scales. 

The isocyanide stretch frequency (CN) for Lbi is 2120 cm-1 and shifts to 2064 cm-1 

in [Mn(Lbi)3]+. For Ltri, CN is identical as for Lbi (2120 cm-1), and in [Mn(Ltri)2]+ it shifts 

to 2081 cm-1. This indicates that -backbonding is stronger in [Mn(Lbi)3]+ than in 

[Mn(Ltri)2]+, as noted in the main paper. 

Mn-C vibrations (Mn-C) are observable at 568 cm-1 for [Mn(Lbi)3]+ and at 584 cm-1 

for [Mn(Ltri)2]+. 
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Figure S29. Infrared spectra of complexes (black traces) and ligands (red traces) 

in CH3CN (top), THF (middle) and toluene (bottom) at 20 °C: (a) [Mn(Lbi)3]+ and Lbi; 

(b) [Mn(Ltri)2]+ and Ltri.
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Figure S30. UV-Vis absorption spectra of (a) [Mn(Lbi)3]+, (b) [Mn(Ltri)2]+, (c) Lbi, and 

(d) Ltri in different solvents at 20 °C.
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Figure S31. Luminescence spectra of (a) [Mn(Lbi)3]+, (b) [Mn(Ltri)2]+, (c) Lbi, and (d) 

Ltri in different de-aerated solvents at 20 °C. Excitation of the MnI complexes 

occurred at 410 nm (arrows), the free ligands were excited at 320 nm. The asterisks 

mark peaks that are due to Raman-scattered excitation light. 
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Table S2. Maxima of major absorption bands of [Mn(Lbi)3]+, Lbi, [Mn(Ltri)2]+ and Ltri 

(with extinction coefficients) as well as emission maxima after excitation at 410 nm 

(complexes) or 320 nm (free ligands).  

[Mn(Lbi)3]+ Lbi [Mn(Ltri)2]+ Ltri 

λmax, abs [nm]a 

(ε [M-1cm-1])a 

307 

(73500) 

385 

(23800) 

313 

(12200) 

325 

(55200) 

395 

(22500) 

318 

(29800) 

λmax, em [nm]a 485 404 525 408 

λmax, em [nm]b 480 

620 

480 

600 
a in MeCN at 20 °C; b in 2-methyl-THF at 77K. 
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Figure S32. Time-gated luminescence spectra (from TCSPC measurements) of 

[Mn(Ltri)2]+ in de-aerated MeCN at 20 °C following excitation at 405 nm. Emission 

decay curves were measured over a 50-ns time window at wavelengths between 

430 and 700 nm (in 7-nm increments). The photon counts of the individual decay 

curves at the times indicated in the inset (0-7 ns, integrated over 1 ns) were then 

plotted as a function of detection wavelength to obtain the emission spectra. The 

upper panel contains the raw data, in the lower panel all spectra are normalized to 

the same maximum. 
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Figure S33. Time-gated luminescence spectra (from TCSPC measurements) of 

[Mn(Lbi)3]+ in de-aerated MeCN at 20 °C following excitation at 405 nm. Emission 

decay curves were measured over a 50-ns time window at wavelengths between 

430 and 700 nm (in 7-nm increments). The photon counts of the individual decay 

curves at the times indicated in the inset (0-7 ns, integrated over 1 ns) were then 

plotted as a function of detection wavelength to obtain the emission spectra. The 

upper panel contains the raw data, in the lower panel all spectra are normalized to 

the same maximum. 
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Figure S34. Luminescence decays measured for (a) [Mn(Lbi)3]+ and (b) [Mn(Ltri)2]+ 

in de-aerated 2-methyl-THF at 77 K. Excitation occurred at 410 nm, detection was 

at 480 nm (blue traces) and at 600 nm (red traces). 
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Luminescence quantum yields  of [Mn(Lbi)3](PF6) and [Mn(Ltri)2](PF6) in degassed 

CH3CN at 20 °C were determined by a comparative method relative to 

[Ru(bpy)3](PF6)2 in aerated CH3CN (R = 0.018)5. Double determinations at three 

different excitation wavelengths were performed. Optical densities for the Mn(I) 

complexes were ca. 0.1 (at 405 nm) while the concentration of [Ru(bpy)3](PF6)2

was as high as possible (highest OD at excitation wavelength, 0.051) without the 

resulting emission exceeding the detector limit. Under these conditions, two 

concentrations of [Ru(bpy)3](PF6)2 were chosen: at the higher concentration, the 

entrance and exit slits of the spectrometer were 3 nm each while at the lower 

concentration they were 5 nm (for all compounds of each series). 

When using the same solvent (CH3CN) for all compounds, the luminescence 

quantum yield () of the Mn(I) complexes can be determined from equation S4 

(where R is the known luminescence quantum yield of the [Ru(bpy)3](PF6)2 

reference, see above). 

Φ=ΦR×
I

OD
×
ODR
IR

(eq. S4) 

Using the experimentally determined optical densities of the Mn(I) complexes (OD) 

and the [Ru(bpy)3](PF6)2 reference (ODR) at the excitation wavelength, the 

luminescence quantum yields  reported in Table S3 were determined as the 

average of the values obtained at 405, 410 and 415 nm. 

Table S3. Luminescence quantum yields for the Mn(I) complexes in degassed 

CH3CN. a higher concentration of [Ru(bpy)3](PF6)2 with slit width of 3 nm. b lower 

concentration of [Ru(bpy)3](PF6)2 with slit width of 5 nm, see text above for further 

details. 

Φ [%] 
Φaverage [%] 

λexc = 405 

nm

λexc = 410 

nm

λexc = 415 

nm
[Mn(Lbi)3](PF6)a 0.051 0.048 0.049 0.049 

[Mn(Lbi)3](PF6)b 0.044 0.041 0.042 0.042 

0.046 ± 

0.004[Mn(Ltri)2](PF6)a 0.027 0.028 0.033 0.029 

[Mn(Ltri)2](PF6)b 0.023 0.024 0.029 0.025 
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0.027 ± 

0.003

Figure S35. Photostability experiments: UV-Vis absorption spectra of (a) 

[Mn(Lbi)3]+ and (b) [Mn(Ltri)2]+ in de-aerated CH2Cl2 at 20 °C after different times of 

irradiation with a 665 mW collimated LED at 405 nm. 
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Figure S36. Luminescence decays of [Mn(Ltri)2]+ (20 µM) detected at 510 nm after 

excitation at 405 nm in the absence (red trace) and in the presence of different 

concentrations of methyl viologen (MV2+, see inset) in de-aerated MeCN at 20 °C. 

As noted in the main paper (Table 1) and as discussed on page S78, the 

luminescence decays are tri-exponential, and this renders Stern-Volmer analysis 

of the data in Figure S36 difficult. The mean MLCT excited-state lifetime of 

[Mn(Ltri)2]+ in de-aerated CH3CN at 20 °C is 1.73 ns (with individual decay 

components featuring lifetimes in the range from 0.374 to 5.82 ns (Table 1)), which 

corresponds to a mean MLCT decay rate constant of 5.8·108 s-1. The fact that 

substantial (about 50 %) MLCT luminescence quenching is observable at a MV2+ 

concentration of 0.3 M therefore indicates that under these conditions the inherent 

MLCT excited-state decay rate and the rate for electron transfer from MLCT-

excited [Mn(Ltri)2]+ to MV2+ are on the same order of magnitude, roughly 5·108 s-1 

to 109 s-1.  

For the rate constant of bimolecular photoinduced electron transfer (kET) between 

[Mn(Ltri)2]+ and MV2+, we therefore estimate that kET  109 s-1 / 0.3 M  3·109 M-1 s-

1. This is below the diffusion limit of 1.9·1010 M-1 s-1 for CH3CN at 25 °C, but

electrostatic repulsion between monocationic [Mn(Ltri)2]+ and dicationic MV2+ could 

account for sub-diffusion limit kinetics in spite of favorable reaction 

thermodynamics (driving force of ca. 1 eV for photoinduced electron transfer). 
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Figure S37. Relative actinometry experiments: (a) Formation and decay of the 

anthracene T1 state (3*anthracene) following excitation of [Mn(Lbi)3]+ (25 µM) in 

presence of 40 mM anthracene in de-aerated toluene at 20 °C. (b) Bleach (and 

recovery) of the MLCT absorption of [Ru(bpy)3]Cl2 in de-aerated water under 

identical conditions; the concentration of the ruthenium complex was adjusted such 

that the solution had the same absorbance at the excitation wavelength as the 

solution from (a). (c) Analogous data set as in (a) for [Mn(Ltri)2]+ (20 µM) in presence 

of 40 mM anthracene in de-aerated toluene at 20 °C. (d) Analogous data set as in 

(b), with the [Ru(bpy)3]Cl2 concentration adjusted such that the solution had the 

same absorbance at the excitation wavelength as the solution from (c). Excitation 

(exc) and detection wavelengths (det) are indicated in the insets. 
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Table S4. Data extracted from the relative actinometry experiments in Figure S37, 

using  

 = −10’100 M-1 cm-1 for [Ru(bpy)3]2+ in water at 455 nm6, and  = 45’500 M-1 cm-

1 for the anthracene T1 state at 429 nm7. The efficiency of energy transfer () 

corresponds to the ratio between the concentration of anthracene in the T1 state 

and the concentration of [Ru(bpy)3]2+ in 3MLCT state. 

[Mn(Lbi)3]+ [Mn(Ltri)2]+ 

[Ru(bpy)3]2+ MLCT bleach at 455 nm -0.069 -0.054

conc. of [Ru(bpy)3]2+ in 3MLCT state 6.83 µM 5.35 µM 

absorbance of anthracene in T1 state at 430 nm 0.0257 0.0260 

conc. of anthracene in T1 state 0.565 µM 0.571 µM 

efficiency () of energy transfer 8.3% 10.7% 

efficiency (TTET,exp) of energy transfer, corrected for 

differences in refractive indices (toluene vs. water) 

9.4% 12.1% 
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Figure S38. Transient absorption (TA) spectra after excitation of [Mn(Lbi)3]+ (red 

trace, 25 µM) and  [Mn(Ltri)2]+ (green trace, 25 µM) at 420 nm in presence of 40 

mM pyrene in de-aerated CH2Cl2 at 20 °C. Reference spectrum of 40 mM pyrene 

in de-aerated CH2Cl2 at 20 °C (black trace). All spectra were integrated over 200 

ns after a detection delay of 200 ns. 



Manganese(I) Isocyanide Complexes with MLCT Luminescence and Photoreactivity 

117 

Figure S39. Luminescence decay and average luminescence lifetimes of 

[Mn(Ltri)2]+ after excitation at 405 nm in aerated MeCN (blue) and under Ar 

atmosphere (black) at 20 °C. The indicated average lifetimes () are weighted 

averages from triexponential fits. 

Figure S40. Luminescence decay and average luminescence lifetimes of 

[Mn(Lbi)3]+ after excitation at 405 nm in aerated MeCN (blue) and under Ar 

atmosphere (black) at 20 °C. The indicated average lifetimes () are weighted 

averages from triexponential fits. 

These oxygen quenching experiments are inconclusive as far as the question 

whether the emissive MLCT state at 2.9 eV is singlet or triplet, because that state 

is sufficiently reducing (Eox
* = -1.9 V vs SCE) for generation of superoxide radical 
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anion such that both energy and electron transfer quenching pathways are 

feasible. 
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Figure S41. Photo-isomerization experiments: 1H-NMR spectra obtained after 

different irradiation times from a solution containing 2 mM [Mn(Lbi)3]+ and 50 mM 

trans-stilbene in de-aerated CD2Cl2. Irradiation occurred with a 45 W (power input) 

LED at 440 nm. 

Figure S42. Reference experiment to the photo-isomerization in Figure S41: 1H-

NMR spectra obtained after different irradiation times from a solution containing 50 

mM trans-stilbene (but no [Mn(Lbi)3]+) in de-aerated CD2Cl2. Irradiation occurred 

with the same light source as in Fig S44. 
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Figure S43. 1H-NMR spectra of neat cis- and trans-stilbene in CD2Cl2. 
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Figure S44. Absorption (solid lines) and normalized luminescence spectra 

(dashed lines) of [ZnCl2(Lbi)] (black) and Lbi (red) in a 1:1 mixture of isopentane 

and DCM at 20 °C. Luminescence was recorded after excitation at 355 nm. 

Figure S45. Luminescence decays of [ZnCl2(Lbi)] (black) and Lbi (red) in a 1:1 

mixture of isopentane and DCM after excitation with a 313 nm laser (in a TCSPC 

setup) at 20 °C. The luminescence lifetime of [ZnCl2(Lbi)] under these conditions is 

1.24 ns and 0.3 ns for Lbi. Both lifetimes were obtained using a reconvolution fit 

with the instrument response function (IRF, green) of the TCSPC setup.  
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Figure S46. Normalized luminescence of [ZnCl2(Lbi)] at 77 K in a 1:1 mixture of 

isopentane and DCM after 355 nm excitation. The luminescence lifetime is 

instrumentally limited on the available LP920-KS setup.  

The luminescence spectrum in Figure S46 shows a prominent band centered at 

420 nm, which is attributed to fluorescence from the same 1-* excited state as 

the room temperature emission in Figure S44 (dashed black trace). There is no 

clear evidence for phosphorescence from a 3-* excited state, suggesting that 

intersystem crossing in [ZnCl2(Lbi)] is inefficient. Due to the absence of a clear 

phosphorescence signal, the energy of the lowest 3-* excited state in this Zn(II) 

complex was determined using the triplet-triplet energy transfer experiments 

presented below (Figure S47). 

The lack of ligand field stabilization in the 3d10 electron configuration makes the 

Zn(II) complex inherently less stable than the low-spin 3d6 Mn(I) complexes. 

Consequently, [ZnCl2(Lbi)] is considerably more substitution-labile than the Mn(I) 

complexes. Only non-coordinating solvents can be used for [ZnCl2(Lbi)], whilst 

solvents such as THF, CH3CN or water cannot be employed. 1:1 (v:v) mixtures of 

isopentane and CH2Cl2 provide a good compromise between stability and 

solubility, and furthermore this mixture can be used for 77 K measurements. 

Furthermore, [ZnCl2(Lbi)] does not absorb in the visible spectral range due to lack 

of MLCT absorption bands (Figure S44). Under UV-irradiation the Zn(II) complex 

is substantially less photo-robust than the Mn(I) complexes under visible excitation, 
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and consequently no photoreactions following direct excitation of the Zn(II) 

complex could be investigated. A further complication of photoreactions in which 

[ZnCl2(Lbi)] is designed to act as photosensitizer (present at micromolar 

concentrations) is the fact that many possible reaction partners (for example triplet 

energy acceptors, typically present in millimolar concentrations) have non-

negligible molar extinction coefficients at 355 nm. 
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Figure S47. Transient absorption spectra after triplet-triplet energy transfer (TTET) 

from different photosensitizers to [ZnCl2(Lbi)]. De-aerated dichloromethane 

solutions contained 20 M photosensitizer and 1 mM [ZnCl2(Lbi)] (black traces) or 

only 20 M photosensitizer without any Zn(II) complex (red traces), measurements 

occurred after (selective) excitation of the Ir/Ru photosensitizers at 410 nm (for (a) 

and (b)), 420 nm (c) and 450 nm (d) at 20 °C. Black traces were recorded with a 

delay of 4 s after excitation with pulses of ca. 10 ns duration. (a) fac-[Ir(dFppy)3] 

photosensitizer (dFppy = 2-(2,4-difluorophenyl)-pyridine) with a triplet energy (ET) 

of 2.75 eV8,9; (b) fac-[Ir(ppy)3] photosensitizer (ppy = 2-phenylpyridine) with ET = 

2.50 eV8,10; (c) [Ir(ppy)2(dtbbpy)]+ photosensitizer (dtbbpy = 4,4’-di-tert-butyl-2,2’-
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bipyridine) with ET = 2.45 eV (see below); (d) [Ru(phen)3]2+ photosensitizer (phen 

= 1,10’-phenanthroline) with ET = 2.18 eV8.  
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Figure S48. Excited state absorption decay at 600 nm of a de-aerated 

dichloromethane solution of a) [Ir(dFppy)3] (20 µM); b) [Ir(ppy)3] (20 µM); c) 

[Ir(ppy)2(dtbbpy)]+ (20 µM) each with [ZnCl2(Lbi)] (1 mM) after photoexcitation at 

410 nm (for a) and b)) and 420 nm (for c)) (Figure S47a-c). The excited state 

absorption signals decay with lifetimes of 48, 99 and 86 µs, respectively, at 20 °C. 
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Figure S49. Luminescence of [Ir(ppy)2(dtbbpy)]PF6 (20 µM) in de-aerated 

dichloromethane at 20 °C after excitation at 420 nm. The triplet energy (ET) was 

estimated from the wavelength on the high-energy side of the spectrum at which 

the intensity corresponds to 10 % of the maximum emission intensity. Previously 

reported triplet energies for this compound seem inaccurate8,11, because the 

wavelength of the emission band maximum was used as approximation. 
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Figure S50. Luminescence lifetime quenching of fac-[Ir(dFppy)3] (20 µM) with 

different concentrations of [ZnCl2(Lbi)] as quencher in de-aerated dichloromethane 

at 20 °C. Selective excitation of fac-[Ir(dFppy)3] occurred at 410 nm with laser 

pulses of ca. 10 ns duration, the emission signal was detected at 600 nm. Single-

exponential fits to these decay data provided the lifetimes used for the Stern-

Volmer plot in Figure S51. 

The green, cyan and purple traces in Figure S50 contain an initial rapid decay in 

the time window between 0 and ca. 150 ns, which we tentatively attribute to a 

luminescent impurity present in the [ZnCl2(Lbi)] material. Whilst this compound is 

analytically pure (see above), traces of strongly emissive impurities could become 

detectable in this experiment.  



Manganese(I) Isocyanide Complexes with MLCT Luminescence and Photoreactivity 

129 

Figure S51. Stern-Volmer plot based on the luminescence decay data from Figure 

S50. A linear regression fit to the experimental data (solid line) yields a Stern-

Volmer constant KSV of 403 M-1. Based on this value and the natural excited-state 

lifetime (0) of 897 ns for fac-[Ir(dFppy)3] in de-aerated dichloromethane at 20 °C, 

a rate constant of 4.5·108 M-1s-1 is obtained. 
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Alternative interpretations of the electronic structure of the Mn(I) complexes 

In addition to the favored scenario described in the main paper (depicted in Figure 

S52a below), several other scenarios are in principle conceivable for the electronic 

structures of [Mn(Ltri)2]+ and [Mn(Lbi)3]+ (Figure S52b-d). Common to all four 

scenarios is an emissive MLCT excited state at 2.9 eV, and this interpretation is 

strongly supported by the combined transient absorption, spectro-electrochemical 

and time-resolved luminescence data (Figures 3 and S25). Furthermore, all four 

scenarios feature a ligand-centered 3-* excited state at 2.3 eV, based on the 

investigation of the [ZnCl2(Lbi)] reference complex. (As noted in the main paper, the 

underlying assumption here is that both ligands (Ltri and Lbi) have such a 3-* state 

at 2.3 eV. This assumption seems reasonable given the structural similarity 

between these two ligands; unfortunately we were unable to isolate a stable Zn(II) 

complex with Ltri to test this hypothesis. Preliminary DFT calculations (not included) 

indicate that the lowest excited state of the [Mn(Ltri)2]+ complex features electron 

redistributions that primarily occur on one of the two ArNC-thiophene-ArNC 

branches of the tridentate ligand, indicating that Ltri behaves in fact similarly as Lbi, 

and thus justifying the above assumption of a common 3-* state at 2.3 eV for 

both ligands). 

Figure S52. Different conceivable relative orders of excited-state energy levels for 

[Mn(Ltri)2]+ and [Mn(Lbi)3]+. The scenario in (a) corresponds to the favored 

interpretation discussed in the main paper. 



Manganese(I) Isocyanide Complexes with MLCT Luminescence and Photoreactivity 

131 
 

In the favored scenario (Figure S52a), the 1MLCT and 3MLCT excited states are 

energetically close, similar to isoelectronic Fe(II) complexes, in which the singlet-

triplet energy gap is small12. Furthermore, by analogy to [Fe(bpy)3]2+, in which 

intersystem crossing (ISC) from 1MLCT to 3MLCT occurs within less than 20 fs, 

one would expect ISC to be fast (and complete) in our Mn(I) complexes12. There 

exist some Ru(II) polypyridine complexes, in which there is both an emissive 

3MLCT state and a (dark) long-lived ligand-centered 3-* excited state, for 

example [Ru(bpy)2(dmpbq)]2+ (dmpbq = 3,3‘-dimethylene-2-(2‘-

pyridyl)benzo[g]quinoline)13,14. In that compound, the 3MLCT and the 3-* state 

seemed to be so weakly electronically coupled that non-radiative relaxation 

occurred without significant internal conversion between them, leading to a 

situation with two non-equilibrated excited states. A similar situation is conceivable 

for the Mn(I) complexes investigated herein. 

In the second scenario (Figure S52b), the 1MLCT and 3MLCT states are in 

equilibrium, and possibly contribute to the multi-phasic decays, though the 

available experimental evidence as well as prior studies of Mo(0) isocyanide 

complexes15 suggest that the multi-exponential decays are rather due to different 

conformers, as discussed on pages S58-S59 and on pages S80-S83. 

In the third scenario (Figure S52c), the 1MLCT and 3MLCT states are energetically 

distant and hence no longer in equilibrium. This scenario would require much 

slower ISC than in Fe(II) polypyridines, such that the 1MLCT state at 2.9 eV is not 

completely quenched and can in fact luminesce with a lifetime on the order of 1-2 

nanoseconds. Thus, scenario (c) is in conflict with prior knowledge gained on Fe(II) 

complexes, in which ISC is ultrafast. 

In the fourth scenario (Figure S52d), the 3MLCT state is energetically (slightly) 

below the ligand-centered 3-* state at 2.3 eV and becomes the phosphorescent 

state at 77 K. However, this would necessitate an unusually large energy gap 

between 1MLCT and 3MLCT, and unusually slow ISC. This is in conflict with prior 

knowledge gained on Fe(II) complexes12, but it can better explain why the 

phosphorescent state is very short-lived at 20 °C (< 10 ns) in the Mn(I) complexes: 

Internal conversion from a 3MLCT excited state to a 3MC state is expected to be 

more efficient than internal conversion from a 3-* state to a 3MC state due to 

more significant orbital overlap. 
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The 3MC state is not included in Figure S52 because its energetic position is 

currently unclear. Early studies suggested that Mn(I) isocyanide complexes have 

their lowest MC states above 25000 cm-1 16. Regardless, it is evident that the triplet 

manifold in these Mn(I) complexes is highly convoluted. 
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Schematic representation of all possible isomers of [Mn(Ltri)2]+ and [Mn(Lbi)3]+

From the X-ray crystal structure in Figure S23, it is evident that upon chelation, the 

thiophene ring of Lbi becomes rotated out of the ligand plane. This is consistent 

with previous reports of structurally related complexes with terphenyl ligand 

backbones17,18. As a consequence of this ring rotation, [Mn(Lbi)3]+ and [Mn(Ltri)2]+ 

can adopt multiple conformers in which the thiophene sulfur atoms orient in 

different directions out of the ligand plane. For [Mn(Lbi)3]+, two unique conformers 

can be identified (Figure S53): one where all sulfurs orient in the same direction 

(clockwise or anticlockwise, depending on the molecular orientation), and one 

where one sulfur is oriented in the opposite direction. It should be noted that each 

conformer of [Mn(Lbi)3]+ also exists in both Δ and Λ enantiomers. Unlike [Mn(Lbi)3]+, 

[Mn(Ltri)2]+ is not chiral. However, the additional thiophene ring results in six 

identifiable unique conformers (Figure S54).  

Figure S53. Newman projection-like schematic representations for both possible 

isomers of [Mn(Lbi)3]+. The blue circle represents the Mn center, and the orange 

circles represent the directions in which the thienyl sulfurs point out of the ligand 

plane. 
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Figure S54. Newman projection-like schematic representations for all six possible 

conformers of [Mn(Ltri)2]+. The blue circle represents the Mn center, and the orange 

circles represent the directions in which the thienyl sulfurs point out of the ligand 

plane. 

 

MMFF calculations were employed to roughly gauge relative conformer and 

transition-state energies (Figures S55 and S56). As conformer interchange is 

achieved through ‘flipping’ of a thiophene ring, a conformation in which the 

thiophene ring lies within the ligand plane must occur during conformer 

interchange, and it is reasonable to assume this conformation represents the 

energetic maximum along the interchange coordinate, i.e. the transition-state. 

Within the context of the MMFF calculations, the transition-state is crudely 

approximated by constraining one thiophene ring to be coplanar with its 

neighboring phenylene rings. Obtained energies are likely exaggerated due to the 

crude approximations and the low level of theory employed, but it is clearly evident 

that both complexes exhibit multiple stable conformations with large energy 

barriers for conformational interchange. 
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Figure S55. Conformer (green boxes) and transition-state (red box) energies 

relative to the lowest energy conformer for [Mn(Lbi)3]+, obtained from MMFF 

geometry optimization calculations. Transition states have one thiophene ring 

constrained to coplanar with respect to its neighboring phenylene rings, with the 

sulfur atom directed towards the Mn center.   
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Figure S56. Conformer (green boxes) and transition-state (red boxes) energies 

relative to the lowest energy conformer for [Mn(Ltri)2]+, obtained from MMFF 

geometry optimization calculations. Transition states have one thiophene ring 

constrained to coplanar with respect to its neighboring phenylene rings, with the 

sulfur atom directed towards the Mn center.   
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4 Comprehensive Studies on Mo(0) 
Complexes with Bidentate Isocyanide 
Ligands 

4.1 Enhancing the Photophysical Properties of Mo(0) 

Isocyanide Complexes and their Application in a 

Series of BHAS Reactions 
The Mo(0) isocyanide complex [Mo(LMe)3] introduced in chapter 2.3 shows two impressive 

characteristics for an earth-abundant metal complex. First are the compound’s relatively 

good photophysical properties with a long luminescence lifetime of 225 ns and a high 

photoluminescence quantum yield of up to 4.5 % in n-hexane. But what makes this 

compound really stand out is its high reducing power with an excited-state oxidation 

potential of -2.2 V vs SCE. There are only a limited number of compounds based on earth-

abundant metal complexes that can initiate photoreactions that require such a strongly 

reducing catalyst.[87,88] The widely used fac-[Ir(ppy)3] only has an excited-state oxidation 

potential of -1.7 V vs SCE, limiting its application in challenging reactions.[15,89] 

However, [Mo(LMe)3] has one major drawback. In reactions that release nucleophiles, e.g. 

I- from an initial dehalogenation of the substrate, we were not able to afford high product

yields. Our hypothesised reason for the incomplete reaction was a lack of shielding of the

oxidised metal centre against nucleophiles, resulting in deactivation of the catalyst. An

obvious solution to this problem is the use of a ligand with increased steric demand. Such

a ligand, LtBu, was already at hand from the work related to the Cr(0) complex also

reported in chapter 2.3. The resulting new complex, [Mo(LtBu)3], and its application in

challenging BHAS reactions are reported in:

• P. Herr, F. Glaser, L. A. Büldt, C. B. Larsen, O. S. Wenger “Long-Lived, Strongly

Emissive, and Highly Reducing Excited States in Mo(0) Complexes with Chelating

Isocyanides” J. Am. Chem. Soc. 2019, 141, 14394-14402.

Introduction of sterically demanding tBu groups in the ortho-position to the ligating 

isocyanides can stabilise low-valent transition metals and protects the metal centre from 

the chemical environment. We further found that the bulkier ligands increase the rigidity 

of the [Mo(LtBu)3] complex, decelerating non-radiative excited-state decay by one order of 

magnitude relative to the previously reported [Mo(LMe)3]. This increases the luminescence 

lifetime of [Mo(LtBu)3] into the microsecond range and the photoluminescence quantum 
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yield to 20 % in deaerated toluene. The luminescence quantum yield of the popular 

[Ru(bpy)3]2+ is 9.5 % in deaerated CH3CN, [90] more than a factor of two lower than that of 

[Mo(LtBu)3].  

The enhanced shielding of the metal centre shines in photocatalyzed BHAS reactions. 

Despite the formation of nucleophilic I-, an intramolecular aryl-aryl coupling reaction can 

be completed with quantitative yield within one hour of irradiation. The stability of the 

new complex is further highlighted in reactions that require an initial debromination step. 

Although the overall reaction is slow in this case, the complex is still catalytically active 

and shows photoluminescence even after weeks of continuous irradiation. 

The influence of structural and electronic variations on the performance of light driven 

BHAS reactions was systematically determined with a range of selected substrates. 
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ABSTRACT: Newly discovered tris(diisocyanide)molybdenum(0) com-
plexes are Earth-abundant isoelectronic analogues of the well-known class
of [Ru(α-diimine)3]

2+ compounds with long-lived 3MLCT (metal-to-ligand
charge transfer) excited states that lead to rich photophysics and
photochemistry. Depending on ligand design, luminescence quantum yields
up to 0.20 and microsecond excited state lifetimes are achieved in solution at
room temperature, both significantly better than those for [Ru(2,2′-
bipyridine)3]

2+. The excited Mo(0) complexes can induce chemical reactions
that are thermodynamically too demanding for common precious metal-
based photosensitizers, including the widely employed fac-[Ir(2-phenyl-
pyridine)3] complex, as demonstrated on a series of light-driven aryl−aryl
coupling reactions. The most robust Mo(0) complex exhibits stable
photoluminescence and remains photoactive after continuous irradiation
exceeding 2 months. Our comprehensive optical spectroscopic and
photochemical study shows that Mo(0) complexes with diisocyanide chelate ligands constitute a new family of luminophores
and photosensitizers, which is complementary to precious metal-based 4d6 and 5d6 complexes and represents an alternative to
nonemissive Fe(II) compounds. This is relevant in the greater context of sustainable photophysics and photochemistry, as well
as for possible applications in lighting, sensing, and catalysis.

■ INTRODUCTION

The long-lived luminescent metal-to-ligand charge transfer
(MLCT) excited states of complexes with precious d6 metals
such as Ru(II), Ir(III), Os(II), or Re(I) form the basis for
many photophysical and photochemical applications, for
example in luminescent devices,1 sensing,2,3 solar energy
conversion,4 and photoredox catalysis.5 There is a long-
standing interest in obtaining complexes with similarly
favorable electronic structures made from cheaper first-row
transition metal elements.6−8 Fe(II) is an obvious and much
explored target,9−15 because iron is the most abundant and
cheapest transition metal in Earth’s crust. However, such 3d6

complexes have energetically low-lying metal-centered (MC)
excited states that deactivate the MLCT states very
efficiently.16−18 Different concepts have been explored to
lengthen 3MLCT lifetimes in Fe(II) complexes, including the
optimization of metal coordination geometries,19−21 the use of
push−pull ligand environments,22,23 and the enhancement of
ligand fields with N-heterocyclic24−27 or mesoionic carbenes.28

Recently, these efforts culminated in the discovery of two
Fe(III) complexes that luminesce from a ligand-to-metal
charge transfer (LMCT) excited state29,30 and an Fe(II)
complex with a 3MLCT lifetime of 528 ps in solution at room
temperature.31

Building on early studies of group 6 d6 metal complexes with
isocyanide ligands32,33 and recent reports of luminescent W(0)
complexes with monodentate isocyanides,34,35 we recently

discovered that chelating diisocyanide ligands give access to
Cr(0) and Mo(0) complexes with emissive 3MLCT excited
states.36 The Cr(0) complex exhibited an excited-state lifetime
of 2.2 ns and a luminescence quantum yield of ca. 10−5 in
tetrahydrofuran (THF) solution at room temperature,37 while
the Mo(0) complex had a 3MLCT lifetime of 166 ns and a
quantum yield of 0.023 in toluene.38 Herein, we report how
improved ligand design can enhance both of these properties
in Mo(0) complexes by an order of magnitude, and it becomes
evident that the initially communicated single example is not
merely an academic curiosity, but instead tris(diisocyanide)-
molybdenum(0) complexes represent a new family of robust
4d6 complexes with very favorable photophysical properties.
Moreover, we demonstrate that excitation of these complexes
can induce chemical reactions that are thermodynamically too
challenging for typical precious metal-based photosensitizers,
such as the well-known fac-[Ir(ppy)3] complex. For this
purpose, we investigated base-promoted homolytic aromatic
substitution (BHAS) reactions,39 which were performed in an
intramolecular fashion on a series of substrates specifically
designed to elucidate the catalytic properties of the Mo(0)
complexes.
Our study complements ongoing research on photoactive

complexes with other Earth-abundant metal elements such as
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Fe,9−15 Cu,40−50 Cr,51−54 Co,55 Ni,56−58 Zr,59,60 W,34,35,61−63

and Ce,64 as well as current research on new metal-free organic
photosensitizers.65−69

■ RESULTS AND DISCUSSION
Synthesis and Infrared Spectroscopy. Monodentate

isocyanide ligands play an important role in organometallic
chemistry as alternatives to CO that can be further
functionalized,70,71 and one attractive option is to create
polydentate chelating isocyanides.72−80 In our initial commu-
nication, we reported that a m-terphenyl backbone is useful to
obtain a diisocyanide ligand that binds Mo(0) in chelating
fashion, giving access to a homoleptic complex (Scheme 1a,

[Mo(LMe)3]) that is structurally and electronically similar to
[Ru(bpy)3]

2+ (bpy = 2,2′-bipyridine).38 Sterically demanding
groups in α-position to the ligating isocyanides usually stabilize
low-valent transition metal species, rendering them less
susceptible to electrophilic attack.71,81 We therefore reasoned
that bulkier tert-butyl (rather than methyl) substituents could
minimize interactions between the Mo(0) center and the
solvent, as well as rigidifying the complex, potentially leading
to decreased nonradiative 3MLCT deactivation. In the
resulting new [Mo(LtBu)3] complex (Scheme 1b), this is
indeed the case, as our detailed comparative photophysical
study with [Mo(LMe)3] will show. We had previously used LtBu

to obtain a luminescent Cr(0) complex,37 and the synthesis of
LMe was reported in our initial Mo(0) communication.38 The
new [Mo(LtBu)3] complex was prepared by stirring a solution
of [MoCl2(THF)4] and 3 equiv of LtBu in THF over Na/Hg
(see Supporting Information page S2 for details). The complex
was isolated as a red powder that can be handled under air.
The CN stretch frequencies in the free LMe and LtBu

ligands are 2113 and 2112 cm−1 (Figure S4), respectively. In
the [Mo(LMe)3] and [Mo(LtBu)3] complexes, the CN
vibrations are broad and intense, and their maxima are shifted
to 1939 and 1951 cm−1, respectively, due to π-backbonding.82

Electrochemistry. In cyclic voltammetry, oxidation of
Mo(0) to Mo(I) in deaerated THF with 0.1 M TBAPF6 results
in quasi-reversible waves from which potentials of −0.02 and
−0.08 V vs saturated calomel electrode (SCE) can be
determined for [Mo(LMe)3] and [Mo(LtBu)3], respectively
(Figure 1). These potentials are shifted anodically by 0.2−0.3
V relative to those for previously reported Mo(0) complexes
with monodentate arylisocyanides (Table 1).83

In principle, this shift could be due to either stabilization of
the Mo(0) state or destabilization of the Mo(I) form in the

chelate complexes.85 It seems likely that the latter effect is
dominant, because the bite angle of the chelating LMe and LtBu

ligands is expected to become less favorable with increasing
oxidation state due to decreasing Mo−C bond distances.
Sweeps over greater potential ranges than those in Figure 1
produce lower-quality voltammograms, and ligand reduction
was undetectable. However, the observable Mo(0/I) redox
wave is the most important one, because it is directly relevant
for the photochemistry of [Mo(LMe)3] and [Mo(LtBu)3]
presented below.

UV−Vis Absorption, Luminescence, and Transient
Absorption Spectroscopy. The UV−vis spectra of [Mo-
(LMe)3] and [Mo(LtBu)3] exhibit MLCT absorptions between
350 and 550 nm (Figure 2a and b) that cause the orange−red
color of these complexes. Ligand-based π−π* transitions
appear at shorter wavelengths, and thus the overall spectra are
reminiscent of that of isoelectronic [Ru(bpy)3]

2+.36 However,
the MLCT absorptions in [Mo(LMe)3] and [Mo(LtBu)3] are
broader and have higher extinction coefficients by factors of
approximately 1.5 and 2.0, respectively.
Upon excitation at 500 nm, both Mo(0) complexes

luminesce in deaerated solution at room temperature (Figure
2c and d). The emission is broad and unstructured, and there
is a sizable red shift of the emission band maximum when
increasing the solvent polarity from n-hexane to toluene and
THF (540 cm−1 in total for [Mo(LMe)3] and 410 cm−1 for
[Mo(LtBu)3]). These observations are compatible with MLCT

Scheme 1. Molecular Structures of (a) [Mo(LMe)3] and (b)
[Mo(LtBu)3] Figure 1. Cyclic voltammograms of (a) [Mo(LMe)3] and (b)

[Mo(LtBu)3] recorded in deaerated THF with 0.1 M TBAPF6 at 20
°C. The potential scan rates were 0.1 and 0.2 V/s, respectively. The
differences in anodic and cathodic peak currents are 86 mV (a) and
116 mV (b). (c, d) Latimer diagrams for [Mo(LMe)3] and
[Mo(LtBu)3], based on an energy of 2.2 eV for the emissive 3MLCT
excited state (Figure S7b).

Table 1. Electrochemical Potentials (in V vs SCE) in the
Electronic Ground State and in the Long-Lived 3MLCT
Excited State

E0 (M+/M0) E0 (M+/*M0)

[Mo(LtBu)3]
a −0.08 −2.3

[Mo(LMe)3]
a,b −0.02 −2.2

[Mo(CN-C6H5)6]
c −0.24

[Mo(CN-2,6‑iPrC6H5)6]
c −0.32

fac-[Ir(ppy)3]
d 0.77 −1.7

aThis work, measured in THF with 0.1 M TBAPF6 (Figure 1).
bFrom

ref 38, measured in THF with 0.1 M TBAPF6.
cFrom ref 83, measured

in THF with 0.1 M TBAPF6 versus Ag/AgCl.
dFrom ref 84.
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emission, in analogy to [Ru(bpy)3]
2+. A key finding is that the

luminescence quantum yield (ϕ) of the [Mo(LtBu)3] complex
is much higher than that of [Mo(LMe)3] in all investigated
solvents. For example, in deaerated toluene at 20 °C, the
complex with the more sterically demanding tert-butyl-
substituted diisocyanide ligand exhibits ϕ = 0.203, whereas
the complex with the methyl substituents only has ϕ = 0.023
(Table 2). This shows that the aforementioned design
principle, according to which better shielding of the metal
center from the chemical environment and enhanced complex
rigidity should lead to improved photophysical properties, is
indeed successful. [Ru(bpy)3]

2+ has a luminescence quantum
yield of 0.095 under optimized conditions in deaerated
CH3CN, more than a factor of 2 lower than [Mo(LtBu)3].

86

Such strong luminescence is remarkable for a d6 MLCT
emitter made from an Earth-abundant transition metal and
compares very favorably to most Cu(I) diimine com-
plexes.43,87−89 The latter represent an extremely well
investigated class of compounds for which similar lumines-
cence quantum yields required many optimization attempts.
Time-resolved luminescence and transient UV/vis absorp-

tion spectroscopy were used to explore the decay character-
istics of the emissive excited states and to confirm their MLCT
nature. The transient absorption spectra in Figure 3a and b
were averaged over a period of 200 ns immediately after
excitation at 532 nm with laser pulses of ca. 10 ns duration. In
both cases a negative signal (ground-state bleach) is detected
near 500 nm, coincident with the lowest-energy 1MLCT
absorption bands in Figure 2a and b. Additionally, excited-state
absorption bands near 345 nm are observed for both
complexes, reminiscent of the absorption bands near 370 nm
for 3MLCT-excited [Ru(bpy)3]

2+, which are caused by π−π*

transitions on the transiently reduced bpy ligand.90 Such short-
wavelength excited-state absorption bands combined with
ground-state 1MLCT bleaches are in fact diagnostic features of
MLCT excited states in photoactive Ru(II) and Fe(II)
complexes.22,31

As expected, the MLCT luminescence at 595/615 nm and
the MLCT bleach at 485 nm exhibit the same decay for a given
complex (Figure 3c/d and e/f), confirming that the same
excited state is monitored by emission and transient absorption
spectroscopies. However, the MLCT lifetimes (τ) extractable
from these data sets are markedly different for [Mo(LtBu)3] and
[Mo(LMe)3] in all investigated solvents (Figure S10). For
instance, in deaerated toluene at 20 °C, τ = 166 ns for
[Mo(LMe)3], while for the [Mo(LtBu)3] complex, a biexponen-
tial decay with τ1 = 1110 ns (85%) and τ2 = 2330 ns (15%) is
observed (Table 2). Thus, the factor-of-10 increase in
luminescence quantum yield when going from [Mo(LMe)3]
to [Mo(LtBu)3] (see earlier) is accompanied by an equivalent
increase in excited-state lifetime, compatible with the view that
the rate for radiative decay from the emissive MLCT states is
similar in both complexes, whereas the rate for nonradiative
decay is decreased by an order of magnitude in [Mo(LtBu)3].
This is additional confirmation for the success of the design
concept outlined in the Introduction, and it is evident that the
bulkier tert-butyl substituents lead to much improved photo-
physical properties relative to the methyl substituents.

Figure 2. UV−vis absorption spectra of (a) [Mo(LMe)3] and (b)
[Mo(LtBu)3] in THF at 20 °C. Normalized photoluminescence
spectra of (c) [Mo(LMe)3] and (d) [Mo(LtBu)3] in deaerated solvents
at 20 °C. Excitation occurred at 500 nm.

Table 2. 3MLCT Excited-State Lifetimes (τ) and Luminescence Quantum Yields (ϕ) in Deaerated Solvents at 20 °C

n-hexane toluene THF

τ1 (ns) τ2 (ns) ϕ τ1 (ns) τ2 (ns) ϕ τ1 (ns) τ2 (ns) ϕ

[Mo(LtBu)3]
a 1040 (76%) 2370 (24%) 0.190 1110 (85%) 2330 (15%) 0.203 610 (73%) 1610 (27%) 0.058

[Mo(LMe)3]
b 225 (100%) 0.045 166 (100%) 0.023 74 (100%) 0.006

aThis work, extracted from the data in Figure S10; determined using [Ru(bpy)3]
2+ in aerated CH3CN as standard (ϕ = 0.018).86 bFrom ref 38.

Figure 3. Transient absorption spectra measured after excitation of
10−5 M solutions of (a) [Mo(LMe)3] and (b) [Mo(LtBu)3] in
deaerated toluene at 532 nm with laser pulses of ∼10 ns duration. The
signals were time-integrated over 200 ns immediately after excitation.
Luminescence decays (c, e) recorded from these solutions at 595/615
nm and recoveries of the MLCT bleaches (d, f) at 485 nm. See
Figures S8 and S10 for analogous data recorded in other solvents.
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In all investigated solvents, the luminescence decays and
MLCT bleach recoveries are consistently monoexponential for
[Mo(LMe)3], while for [Mo(LtBu)3] biexponential kinetics were
observed in all experiments. The biexponential decays are
tentatively attributed to the presence of different conformers in
the latter. In our previously published crystal structure of
[Cr(LtBu)3], the three LtBu ligands are not equivalent,37 and
interconversion between different conformations seems to be
sterically hindered by the tert-butyl substituents. In [Mo-
(LMe)3], the methyl substituents impose less hindrance, and
interconversion between different conformers can therefore
occur on a faster time scale, leading to single-exponential
MLCT decays. Related dynamic interconversions have been
observed for some Ru(II) complexes.91

Going from toluene to THF, the MLCT lifetimes and
luminescence quantum yields decrease in parallel in both
complexes (Table 2). Qualitatively, this can be understood in
the framework of the energy gap law,92 because the MLCT
state is energetically stabilized in more-polar THF (red shifts
observable in Figure 2c and d), leading to a smaller energy gap
to the ground state and consequent faster nonradiative
relaxation. Different propensities for energy dissipation via
molecular vibrations of the various solvents could further
contribute to the observable lifetime and quantum yield
changes between n-hexane, toluene, and THF. It is likely that
the solvent nucleophilicity also plays a role with respect to the
excited-state lifetime, especially for [Mo(LMe)3], with more
nucleophilic solvents more efficiently deactivating the excited
state. However, nucleophilicity and energy-gap law effects are
difficult to disentangle in low-polarity solvents. The MLCT
lifetimes of both complexes are strongly oxygen-sensitive,
confirming the triplet nature of these excited states.
For the photoredox investigations below, the excited-state

oxidation potential (Eox*) is relevant, and this in turn requires
knowledge of the energy of the photoactive 3MLCT state.
Therefore, in addition to the emission experiments reported
earlier, luminescence spectra were measured at 77 K (Figure
S7) to estimate the energy of the electronic origin (E00) of the
3MLCT emission more accurately. This procedure yields an
E00 value of 2.2 eV for both complexes, leading to excited-state
oxidation potentials of −2.2 and −2.3 V vs SCE for
[Mo(LMe)3] and [Mo(LtBu)3], respectively, as indicated in
Figure 1c and d (gray shaded areas). Thus, both complexes
should be far stronger photoreductants than isoelectronic
[Ru(bpy)3]

2+ (Eox* = −0.9 V vs SCE) and fac-[Ir(ppy)3] (Eox*
= −1.73 V vs SCE).84

Photochemical Studies. In our preliminary communica-
tion we reported that the [Mo(LMe)3] complex is able to
photocatalyze the rearrangement of an acylcyclopropane
substrate to a 2,3-dihydrofuran product,38 but we noticed
that the presence of nucleophiles in the reaction mixture
caused degradation of the Mo complex over time. We
speculated that this degradation is caused by ligation of
nucleophiles to the metal center in Mo(I) intermediates
formed transiently in the course of the photocatalysis reaction
cycle; seven-coordinate molybdenum isocyanide complexes are
well-known.93,94 We will now show that in the new
[Mo(LtBu)3] complex this problem no longer persists,
presumably because the bulkier tert-butyl substituents more
efficiently shield the metal from the chemical environment.
The main purpose of the studies below was to explore the

photochemical properties of this new family of d6 MLCT
emitters and to test their robustness in the presence of

nucleophiles over extended irradiation times, rather than to
develop new photoredox reactions. Toward this end, we
concentrated on net redox-neutral cross-coupling between aryl
halides and arenes, which can be considered electron-catalyzed
reactions.39 A specific example is the intramolecular reaction
between an aryl iodide and pyrrole (Scheme 2). Base-

promoted homolytic aromatic substitution (BHAS) reactions
of this type have been identified as a viable alternative to Pd-
and Rh-based C−C bond formation, but they often require
harsh conditions involving high temperatures and strong
bases.95−100 Photochemical approaches to BHAS not relying
on UV excitation have been relatively scarce so far.101−106

First, we tested the performance of the [Mo(LMe)3] complex
as a photocatalyst for the reaction in Scheme 2, which can be
conveniently followed by monitoring the benzylic 1H NMR
resonances of substrate and product (Figure S13). Using 50
mM substrate 1a in deaerated C6D6, 2 equiv of 2,2,6,6-
tetramethylpiperidine (TMP) as base, and a photocatalyst
loading of 5 mol % in a flame-sealed NMR tube at room
temperature, 19% of the substrate was converted to product 1b
after irradiation at 470 nm with a light-emitting diode (LED)
(ca. 14 W; see Supporting Information page S16 for details)
for 1 h (Table 3, entry 1). Maximum conversion of 31% was

observed after 18 h (Table 3, entry 2; Figure S13). Catalyst-
based luminescence could not be detected after this time,
implying decomposition of [Mo(LMe)3]. The new [Mo(LtBu)3]
complex, however, catalyzed the reaction to completion within
1 h (Table 3, entry 3; Figure S14). In comparison, use of fac-
[Ir(ppy)3] (Eox* = −1.73 V vs SCE) under identical conditions
resulted in nearly negligible conversion over the same time
period (Table 3, entry 4; Figure S15), and reactions did not
reach conclusion even after >100 h of continuous irradiation.
As fac-[Ir(ppy)3] absorbs weakly at wavelengths longer than
450 nm and may therefore create a biased comparison, the
experiments with fac-[Ir(ppy)3] were repeated under 405 nm
irradiation, which showed little difference to the results
obtained with 470 nm irradiation (Figure S16).

Scheme 2. Intramolecular Base-Promoted Homolytic
Aromatic Substitution (BHAS) via Photoredox Catalysis

Table 3. Performance of [Mo(LMe)3], [Mo(LtBu)3], and fac-
[Ir(ppy)3] in the Light-Driven BHAS Reaction of Scheme
2a

entry substrate complex irradiation time/h conversion/%

1 1a [Mo(LMe)3] 1 19
2 1a [Mo(LMe)3] 18 31
3 1a [Mo(LtBu)3] 1 100
4 1a fac-[Ir(ppy)3] 1 4
5 2a [Mo(LtBu)3] 18 7

aConditions: 50 mM substrate, 5 mol % metal complex, and 2 equiv
of 2,2,6,6-tetramethylpiperidine (TMP) in deaerated C6D6 at ca. 40
°C. Irradiation at 470 nm with 14 W LED. See Supporting
Information pages S16−S19.
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The photochemical BHAS reaction is initiated by a reductive
dehalogenation step (see below), and the promising results
observed above for [Mo(LtBu)3] encouraged us to explore the
reaction of Scheme 2 with a bromo-substituted substrate (2a),
which is more difficult to reduce than the iodoarene of 1a.
However, only very modest conversion was observable, and it
required extremely long irradiation times (Table 3, entry 5;
Figure S17). Over the course of these experiments, we found
that the [Mo(LtBu)3] complex still exhibited stable photo-
luminescence and was catalytically active after continuous
irradiation exceeding 2 months.
A proposed mechanism for the photochemical BHAS

reaction with [Mo(LtBu)3] is presented in Scheme 3. Due to

its high reducing power (Eox* = −2.3 V vs SCE, Figure 1d), the
3MLCT-excited Mo(0) complex is able to induce the initial
reductive dehalogenation of iodobenzene substrate 1a (Ered ≈
−2.2 eV)107 in an efficient manner. In contrast, the
photoexcited fac-[Ir(ppy)3] complex is substantially less
reducing (Eox* = −1.73 V vs SCE),84 and this is likely the
main reason for its comparatively poor performance as a
catalyst of the reaction in Scheme 2 (Table 3, entry 4).
Bromobenzene has a reduction potential of ca. −2.4 V vs SCE
(in dimethylformamide (DMF));107 hence, reductive dehalo-
genation of substrate 2a becomes inefficient even for
photoexcited [Mo(LtBu)3] (Table 3, entry 5), especially in
nonpolar C6D6. Photodriven reductive dehalogenation reac-
tions are increasingly well-investigated,108−111 and the general
observation is that aryl bromides are substantially more
difficult to reduce than aryl iodides,107,112 and aryl chlorides
are even more challenging.106,113−115 The liberation of I− in
this initial step (and ligation of I− to Mo(I), see earlier)38 is
likely responsible for the rather rapid degradation of [Mo-
(LMe)3] and the modest conversion achievable with this first-
generation complex (Table 3, entries 1 and 2). Aryl radicals
usually have very short lifetimes, but in the specific case of aryl
radical A (Scheme 3), intramolecular reaction with the radical
interceptor pyrrole to form the cyclic intermediate B is rather
efficient.116 Oxidation of intermediate B by Mo(I) then
reinstates the photosensitizer to its initial (electronic ground)
state and leads to radical cation C, which can be subsequently
deprotonated to afford the final cyclization product. An
important difference to thermal BHAS reactions is the

presence of a weak base (TMP) rather than tBuOK, and it
seems plausible that this renders deprotonation of intermediate
B inefficient, making oxidation of B to C necessary before the
proton can be abstracted by TMP. With tBuOK the reverse
order of steps is commonly observed (deprotonation followed
by oxidation), and this can give rise to a radical chain
mechanism because the radical anion intermediate formed
after the deprotonation step is strongly reducing (see
Supporting Information page S15 for further details).100 In
the mechanism of Scheme 3, the neutral radical intermediate B
is not sufficiently reducing to propagate a radical chain via
electron donation to another equivalent of substrate.
To gain further insight into the photochemical performance

of [Mo(LtBu)3], we explored the carefully selected range of
substrates in Table 4, allowing us to probe the influence of

structural and electronic variations on the light-driven BHAS
reaction in a systematic manner. Substrate 3a differs from 1a
by the length of the alkyl linker, and the resulting increased
conformational flexibility causes a need for longer reaction
times (Table 4, entries 1 and 2; Figure S19). Substrate 4a has
the same ethylene linker as 3a, but the reaction time had to be
lengthened further from 4 to 145 h to reach a similar level of
conversion (Table 4, entry 3; Figure S20). This can be
attributed to the fact that tert-butylphenyl is a far less efficient
interceptor for the aryl radical than pyrrole,116 rendering the
step from A to B in Scheme 3 inefficient. Substrate 5a (Table
4, entry 4) has essentially the same linker length as 4a, but one
CH2 group has been replaced by an O atom. This makes the
reaction even slower, now requiring 450 h instead of 145 h
(Figure S21). The reason for this is likely the electron-
donating nature of the alkoxy linker, rendering the reduction
potential of the iodobenzene unit more negative and making
reductive deiodination in the initial reaction step more difficult.
In substrate 6a (Table 4, entry 5) the alkoxy linker is reversed
compared to 5a, with the O atom connected to the tert-
butylphenyl rather than the iodobenzene unit. This reduces the

Scheme 3. Proposed Mechanism for the Light-Driven Base-
Promoted Homolytic Aromatic Substitution (BHAS)
Reaction of Scheme 2a

aMo(0), *Mo(0), and Mo(I) denote the [Mo(LtBu)3] complex in its
initial ground state, its long-lived 3MLCT-excited state, and its one-
electron oxidized form, respectively. TMP is 2,2,6,6-tetramethylpiper-
idine.

Table 4. BHAS Reactions To Explore the Photochemical
Reactivity of [Mo(LtBu)3]

a

aConditions were similar to those given in Table 3, but using a
photoreactor with active cooling to stabilize the temperature of the
reaction mixture at 25 °C throughout the complete irradiation
process. See Supporting Information pages S16−S21 for details.
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necessary reaction time to 7 h (for 81% conversion; Figure
S22), likely because the electron-donating nature of the alkoxy
linker now mostly acts on the tert-butylphenyl unit, making the
deiodination of 6a less difficult and the oxidation step
converting intermediate B to C (Scheme 3) more facile. The
reactivities observable for the range of substrates 1a−6a thus
seem compatible with the mechanism in Scheme 3. Evidently
the [Mo(LtBu)3] complex is much more robust in these
photochemical experiments than [Mo(LMe)3], making the new
tert-butylated complex far superior not just in terms of
photophysical properties (see earlier) but also for photo-
chemical applications involving challenging reduction steps not
feasible with [Ru(bpy)3]

2+ or fac-[Ir(ppy)3].

■ SUMMARY AND CONCLUSIONS

Octahedrally coordinated low-spin d6 complexes made from
precious metals such as Ru, Os, Re, or Ir have attracted interest
for more than 40 years, yet to date only a handful of such
complexes made from Earth-abundant metals are known to
emit from MLCT excited states.117 Notably, the struggle to
identify an MLCT-luminescent Fe(II) complex continues.11

The present study establishes Mo(0) complexes with chelating
diisocyanide ligands as a new family of photoactive compounds
that are structurally and electronically closely related to Ru(II)
polypyridines. Their photophysical properties can be tuned
through ligand modification to a point where their
luminescence quantum yield surpasses that achievable for
[Ru(bpy)3]

2+ by more than a factor of 2. Shielding of the metal
center from the chemical environment and rigidifying the
complex by introducing steric congestion at the ligand
periphery is the key to this favorable behavior. In this manner,
it has been possible to reduce the rate for nonradiative excited-
state decay by more than an order of magnitude between
[Mo(LMe)3] and [Mo(LtBu)3], leading to microsecond MLCT
lifetimes and luminescence quantum yields as high as 0.203.
This design principle furthermore improved the photochemical
robustness enormously, making the high reducing power of the
3MLCT-excited [Mo(LtBu)3] complex suitable for photo-
chemical transformations that cannot be performed with the
widely employed fac-[Ir(ppy)3] complex. Specifically, the
inertness against nucleophilic attack at transiently oxidized
Mo(I) metal centers seems of key importance, now permitting
photoirradiation over very long periods (days to weeks)
without significant complex degradation. A range of base-
promoted homolytic aromatic substitution (BHAS) reactions
with substrates specifically designed to underpin the photo-
chemical mechanism was explored, demonstrating possibilities
and limitations for application of the Mo(0) complexes for
these overall redox-neutral reactions involving a thermody-
namically challenging reductive dehalogenation and a C−H
activation step.
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Syntheses, equipment and methods

The LMe and LtBu ligands and the [Mo(LMe)3] complex were synthesized as reported earlier.1

[Mo(LtBu)3]. The following method is similar to our previously published synthesis of [Mo(LMe)3],1 and it is based on a 

method originally developed for the synthesis of W(0) complexes with monodentate isocyanides.2,3 Sodium amalgam 

was prepared by adding small pieces of Na (33 mg, 1.4 mmol) to Hg (0.3 ml, 4.4 g, 22 mmol). A solution of LtBu 

ligand (86.6 mg, 0.172 mmol) in dry THF (2 ml) was added, followed by addition of a solution of MoCl4(THF)2 (26 

mg, 0.052 mmol) in dry THF (2 ml).1,4 After adding more THF (2 ml), the reaction mixture was stirred vigorously 

under Ar at room temperature overnight. The dark red solution was then transferred to a separate Schlenk flask using a 

syringe, followed by filtration under inert (Ar) gas. The red filtrate was concentrated in vacuo to yield the desired 

complex as a red crystalline solid in 68% yield. 1H-NMR (600 MHz, C6D6):  = 7.52 (d, J = 2.3 Hz, 2 H), 7.48 (dd, J = 

7.7 Hz and 1.7 Hz, 2 H), 7.47 (d, J = 2.3 Hz, 2 H), 7.34-7.28 (m, 2 H), 1.50 (s, 18 H), 1.20 (s, 18 H) ppm. 13C-NMR 

(150.9 MHz, C6D6):  = 175.3, 152.3, 146.0, 141.8, 139.4, 131.1, 129.4, 128.8, 127.6, 126.5, 123.1, 35.8, 35.2, 31.2, 

29.4 ppm. IR  [cm-1]: 2953 (m), 2923 (m), 2866 (w), 1951 (s, CN), 1593 (w), 1457 (m), 1425 (m), 1389 (m), 1361 

(m), 1248 (w), 1203 (w), 880 (w), 841 (w), 797 (w), 719 (w), 696 (m), 537 (m), 506 (w), 447 (w). HRMS (ESI) (m/z) 

calcd. for C108H132N6Mo+: 1610.9565; found: 1610.9550.

Attempts to obtain C,H,N elemental analyses from three different synthetic batches consistently yielded lower than 

expected values for all elements, indicating incomplete combustion of the sample.

NMR, mass spectrometry, elemental analysis, cyclic voltammetry, infrared spectroscopy, optical absorption and 

luminescence spectroscopy, transient absorption and time-resolved luminescence spectroscopy were performed on the 

experimental set-ups described recently.1 MALDI-TOF-MS spectra were acquired on a Bruker microflex instrument 

operating in positive mode. A solution of matrix (DCTB in CH2Cl2) was evaporated onto the sample plate, and a 

solution of analyte evaporated directly onto the matrix. Photochemical experiments were performed as described 

below. Luminescence quantum yields were determined relative to a solution of [Ru(bpy)3]2+ in aerated CH3CN ( = 

0.018),5 as described earlier.1 The energies of the electronic origin (E00) were estimated from the onset of the emission 

in a frozen 2-methyl-THF matrix at 77 K.
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Figure S1. 1H-NMR spectrum of [Mo(LtBu)3] in C6D6.

Figure S2. 13C-NMR spectrum of [Mo(LtBu)3] in C6D6.
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Figure S3. MALDI-TOF mass spectrum of [Mo(LtBu)3].
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Infrared spectroscopy

Figure S4. Solid-state IR spectra of (a) free LMe ligand, (b) the [Mo(LMe)3] complex, (c) free LtBu ligand, and (d) the 

[Mo(LtBu)3] complex.
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Electronic absorption spectra in different solvents

Figure S5. Normalized UV-Vis electronic absorption spectra of [Mo(LMe)3] (above) and [Mo(LtBu)3] (below) in n-

hexane (blue), toluene (green) and THF (red).
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Spectroelectrochemistry

Figure S6. UV-Vis electronic absorbance difference spectrum of [Mo(LtBu)3] obtained upon electrochemical oxidation 

at 0.3 V vs SCE, recorded in THF in the presence of 0.1 M  Bu4NPF6.
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Low temperature luminescence data

Figure S7. Luminescence spectra of (a) [Mo(LMe)3] and (b) [Mo(LtBu)3] in a frozen 2-methyl-THF matrix at 77 K. 

Excitation occurred at 500 nm.
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Time-resolved luminescence and transient absorption studies

Figure S8. Transient absorption spectra obtained after excitation of 10-5 M [Mo(LMe)3] (left column) and [Mo(LtBu)3] 

(right column) at 532 nm with laser pulses of 10 ns duration. Signals were time-integrated over 200 ns immediately 

after excitation. Black traces: in n-hexane (a, d); blue traces: in toluene (b, e); green traces: in THF (c, f) (all de-

aerated).
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Figure S9. Transient absorption spectra of 50 μM [Mo(LtBu)3] in toluene recorded at specified delay times following 

excitation at 532 nm with laser pulses of 10 ns duration. Signals were time-integrated over 200 ns.
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Figure S10. Luminescence decays and MLCT bleach recoveries of 10-5 M [Mo(LMe)3] (left column) and [Mo(LtBu)3] 

(right column) in de-aerated n-hexane (black; a, c), toluene (blue; b, d), and THF (green; c, f) at 20 °C. Excitation 

occurred at 532 nm using laser pulses of 10 ns duration. Luminescence detection occurred at 580 nm (n-hexane), 585 

nm (toluene), and at 595 nm (THF). The MLCT bleach recoveries were recorded at 485 nm.
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Substrates for photochemical experiments

1-(2-Iodobenzyl)-pyrrole, substrate 1a. Pyrrole (169 μL, 164 mg, 2.44 mmol, 1.1 eq.) was added slowly to a stirred 

suspension of NaH (60 % in mineral oil, 101 mg, 2.53 mmol, 1.15 eq.) in DMF (5 mL). After 20 min, 2-

iodobenzylbromide (652 mg, 2.20 mmol, 1.0 eq.) was added and the mixture stirred for 2.5 h. The reaction was 

quenched with water (15 mL) and the product extracted into Et2O. The combined organic phases were dried over 

Na2SO4 and the solvent removed in vacuo. The crude product was purified by column chromatography (SiO2, pentane 

 pentane/EtOAc 19:1) to afford 1a (526 mg, 85 %) as a colorless liquid. Spectroscopic data match those reported in 

the literature.6 1H-NMR (400 MHz, acetone-d6): δ 7.89 (dd, J = 7.9, 1.3 Hz, 1H), 7.34 (td, J = 7.5, 1.3 Hz, 1H), 7.14 – 

6.98 (m, 1H), 6.80 (t, J = 2.1 Hz, 2H), 6.77 – 6.65 (m, 1H), 6.11 (t, J = 2.1 Hz, 2H), 5.14 (s, 2H) ppm.

N

HN
BrBr

Br
+

NaH

2a

DMF
RT, 2h

1-(2-Bromobenzyl)-pyrrole, substrate 2a. Compound 2a was prepared in the same manner as 1a, using 2-

bromobenzylbromide. The product was purified through distillation (110 °C, 0.8 mbar) to afford 2a (84%) as a 

colorless liquid. 1H-NMR (400 MHz, acetone-d6): δ 7.57 (dd, J = 7.9, 1.3 Hz, 1H), 7.23 (td, J = 7.6, 1.3 Hz, 1H), 7.17 

– 7.12 (m, 1H), 6.72 (t, J = 2.0 Hz, 2H), 6.71 – 6.68 (m, 1H), 6.23 (t, J = 2.0 Hz, 2H), 5.16 (s, 2H) ppm.

1-(2-Iodobenzyl)-pyrrole, substrate 3a. This compound was obtained via synthesis of 2-iodobenzyl cyanide and 2-(2-

iodophenyl)ethan-1-amine following modified literature procedures.7 

Step 1: 2-Iodobenzyl cyanide. 2-Iodobenzyl bromide (1.50 g, 5.05 mmol, 1.0 eq.) and KCN (586 mg, 2.20 mmol, 1.1 

eq.) were dissolved in EtOH (12,5 mL) and refluxed for 6 h. The solvent was removed under reduced pressure and 

water (15 mL) was added. The product was extracted into EtOAc (3  25 mL) and washed with brine. The combined 

organic phases were dried over Na2SO4 and the solvent removed in vacuo. The crude product was purified by column 

chromatography (SiO2, pentane  pentane/EtOAc 19:1) to afford 2-iodobenzyl cyanide (971 mg, 79 %) as a colorless 

liquid. The spectroscopic data match those reported in the literature.7 1H-NMR (400 MHz, CDCl3): δ 7.88 (dd, J = 7.9, 

1.2 Hz, 1H), 7.54 (dd, J = 7.7, 1.1 Hz, 1H), 7.40 (td, J = 7.6, 1.3 Hz, 1H), 7.05 (td, J = 7.7, 1.6 Hz, 1H), 3.82 (s, 2H) 

ppm.

Steps 2 & 3: 2-(2-Iodophenyl)ethan-1-amine and 1-(2-iodophenethyl)-1H-pyrrole. A solution of BH3 in THF (1 M, 

10.0 mL, 10.0 mmol, 2.5 eq.) was added to a solution of 2-iodobenzyl cyanide (971 mg, 4.00 mmol, 1.0 eq) in THF (4 



163

mL) and refluxed for 2 h. The reaction mixture was quenched with aqueous HCl (2 M) and brought to a basic pH with 

NaOH (1 M). The residue was extracted into EtOAc and washed with brine. The combined organic phases were dried 

over Na2SO4 and the solvent removed in vacuo. The crude 2-(2- iodophenyl)ethan-1-amine was used without further 

purification in the next step.

The crude intermediate (520 mg of 950 mg) was dissolved in a mixture of dioxane (1.5 mL) and glacial acetic acid 

(3.0 mL). 2,5-Dimethoxytetrahydrofuran (300 μL, 305 mg, 2.32 mmol, 1.1 eq.) was then added and the reaction 

mixture heated to 110 °C for 6 h. The solvent was removed in vacuo and the crude product was purified by column 

chromatography (SiO2, 16 % DCM in pentane) to afford 3a (102 mg, 16 %; ~15 % over 2 steps) as a colorless oil. 1H-

NMR (400 MHz, CDCl3): δ 7.88 (dd, J = 7.9, 1.3 Hz, 1H), 7.27 (td, J = 7.4, 1.3 Hz, 1H), 7.07 (dd, J = 7.6, 1.7 Hz, 

1H), 6.96 (td, J = 7.6, 1.7 Hz, 1H), 6.69 (t, J = 2.1 Hz, 2H), 6.18 (t, J = 2.1 Hz, 2H), 4.12 (t, J = 7.6 Hz, 2H), 3.22 (t, J 

= 7.7 Hz, 2H) ppm. 13C-NMR (101 MHz, CDCl3): δ 140.94, 139.70, 130.14, 128.67, 128.62, 120.60, 108.24, 100.42, 

49.49, 43.31 ppm.

1-(4-(tert-Butyl)phenethyl)-2-iodobenzene, substrate 4a. Step 1: 2-(4-(tert-butyl)phenyl)-1-(2-iodophenyl)ethan-1-one 

was prepared following a modified literature procedure.8 A solution of 4-tert-butylbenzyl bromide (735 μL, 909 mg, 

4.0 mmol, 1.0 eq.) in THF (8 mL) was added dropwise under an inert atmosphere to magnesium tunings (194 mg, 8.0 

mmol, 2.0 eq.) in THF (4 mL) in a three-necked flask equipped with a septum, a reflux condenser and a dropping 

funnel. The suspension was stirred for an additional hour and then added at 0 °C to a solution of bis[2-(N,N-

dimethylaminoethyl)] ether (762 μL, 641 mg, 4.0 mmol, 1.0 eq.) in THF (3 mL). After stirring for 20 min at 0 °C, the 

solution was added dropwise over 20 min to a solution of 2-iodobenzoyl chloride (1.49 g, 5.60 mmol, 1.4 eq.) in THF 

(15 mL) at -78 °C. The solution was again stirred for 40 min at this temperature and quenched afterwards with sat. aq. 

NH4Cl (20 mL) and water (20 mL). The product was extracted into EtOAc (2  50 mL), the combined organic phases 

were dried over Na2SO4 and the solvent removed in vacuo. A side product was separated by recrystallization from 

methanol (~15 mL). The solvent was removed from the filtrate in vacuo and the crude 2-(4-(tert-butyl)phenyl)-1-(2-

iodophenyl)ethan-1-one was used without further purification in the next step.

Step 2: 1-(4-(tert-butyl)phenethyl)-2-iodobenzene. The crude 2-(4-(tert-butyl)phenyl)-1-(2-iodophenyl)ethan-1-one 

from the previous step was dissolved in trifluoroacetic acid (12 mL, 40 eq.), and triethylsilane (1.92 mL, 1.40 g, 12 

mmol, 3.0 eq.) was added slowly at 0 °C. The reaction mixture was stirred for 16 h at rt, quenched with aq. NaOH 

solution (2.5 M, ~60 mL) at 0 °C and extracted into EtOAc. The combined organic phases were washed with brine, 

dried over Na2SO4 and the solvent removed in vacuo. The crude product was purified by column chromatography 

(SiO2, pentane) to afford 4a (350 mg, 24 % over 2 steps) as a colorless liquid. 1H-NMR (400 MHz, CD2Cl2): δ 7.87 

(dd, J = 7.9, 1.3 Hz, 1H), 7.35 (dt, J = 8.4, 2.1 Hz, 2H), 7.29 (dt, J = 7.3, 1.2 Hz, 1H), 7.32 – 7.24 (m, 3H), 7.23 (dt, J 

= 8.4, 2.1 Hz, 2H), 6.92 (ddd, J = 7.9, 7.1, 2.0 Hz, 1H), 3.04 – 2.96 (m, 2H), 2.89 – 2.82 (m, 2H), 1.36 (s, 9H) ppm. 
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13C-NMR (101 MHz, CD2Cl2): δ 149.50, 145.01, 140.02, 138.92, 130.01, 128.97, 128.59, 128.39, 125.82, 100.92, 

43.61, 36.52, 34.84, 31.74 ppm.

1-((4-(tert-Butyl)benzyl)oxy)-2-iodobenzene, substrate 5a. 2-Iodophenol (330 mg, 1.5 eq., 1.0 eq.) and K2CO3 (866 

mg, 6.27 mmol, 4.2 eq.) were dissolved in acetone (7.5 mL) and 4-(tert-butyl)benzyl bromide (496 μL, 613 mg, 2.70 

mmol, 1.8 eq.) was added. The reaction mixture was refluxed at 65 °C for 16 h. The mixture was allowed to cool to rt, 

filtered and the solvent removed in vacuo. The crude product was purified by column chromatography (SiO2, pentane 

 pentane/DCM 9:1) to afford 5a (553 mg, 100 %) as a white solid. 1H-NMR (400 MHz, CD2Cl2): δ 7.80 (dd, J = 

7.8, 1.6 Hz, 1H), 7.43 (s, 4H), 7.31 (ddd, J = 8.3, 7.3, 1.6 Hz, 1H), 6.92 (dd, J = 8.3, 1.4 Hz, 1H), 6.73 (td, J = 7.6, 1.4 

Hz, 1H), 5.10 (s, 2H), 1.33 (s, 9H) ppm. 13C-NMR (101 MHz, CDCl3): δ 157.45, 150.99, 139.67, 133.64, 129.54, 

126.94, 125.62, 122.86, 112.89, 87.00, 70.85, 34.74, 31.51 ppm.

1-((4-(tert-Butyl)phenoxy)methyl)-2-iodobenzene, substrate 6a. Following a published procedure,9 2-iodobenzyl 

bromide (386 mg, 1.30 mmol, 1.0 eq.), 4-tert-butylphenol (235 mg, 1.56 mmol, 1.2 eq.) and K2CO3 (915 mg, 6.62 

mmol, 5.0 eq.) were dissolved in DMF (4 mL) and stirred at 90 °C for 2 h. After cooling to rt the reaction water (30 

mL) was added and the product was extracted into Et2O (3  40 mL). The combined organic phases were washed with 

brine, dried over Na2SO4 and the solvent was removed in vacuo. The crude product was purified by column 

chromatography (SiO2, pentane/DCM 9:1) to afford 6a (411 mg, 85 %) as a colorless liquid. 1H-NMR (400 MHz, 

CDCl3): δ 7.87 (dd, J = 7.9, 1.2 Hz, 1H), 7.53 (dd, J = 7.6, 1.8 Hz, 1H), 7.37 (td, J = 7.6, 1.3 Hz, 1H), 7.33 (d, J = 8.9 

Hz, 2H), 7.03 (ddd, J = 7.9, 7.3, 1.6 Hz, 1H), 6.93 (d, J = 8.9 Hz, 2H), 5.03 (s, 2H), 1.31 (s, 9H) ppm.
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Mechanistic considerations: Thermal vs photochemical BHAS

Thermal BHAS reactions are typically radical chain processes following the mechanism in Figure S11b.10 After 

reaction initiation via single electron transfer (SET), reductive dehalogenation leads to an aryl radical (Ar1) which 

can add to an aryl coupling partner (Ar2). The resulting intermediate is deprotonated by strong base (typically tBuOK), 

leading to an anionic Ar1-Ar2 species that propagates the radical chain via electron donation to Ar1-X. The sequence of 

deprotonation followed by re-oxidation is of key importance for the radical chain propagation.

In the photochemical BHAS reaction considered in the present work, only weak base (2,2,6,6-tetramethylpiperidine) is 

present, leading to a reversed reaction order of re-oxidation followed by deprotonation (Scheme 3 in the main paper). 

In this scenario, there is no strongly reducing intermediate that could propagate a radical chain mechanism.

Figure S11. Postulated mechanism for thermal BHAS reactions involving strong base.
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Photochemical experiments

Photochemical experiments were all performed using 50 mM of substrate, 5 mol% of photoredox catalyst and 2 eq. 

TMP in deuterated benzene. Reaction mixtures were de-aerated through three cycles of freeze-pump-thaw, and carried 

out in NMR tubes flame-sealed under vacuum. Photoirradiation was carried out using one of two home-built 

photoreactors (Figure S12). Earlier studies were performed using a setup comprised of LED strips (470 nm) set in 

epoxy resin around the inside of an 80 mm diameter aluminum canister incorporating a 30 mm diameter electric fan, 

which maintains an operating temperature of ca. 40 °C. In order to perform reactions at room temperature, a second 

setup incorporating both passive and active water cooling capabilities was built. This setup is comprised of LED strips 

(470 nm) set in epoxy resin around the outside of a glass beaker, with an external aluminium layer that acts as a 

heatsink. The beaker is filled with water and incorporates copper tubing through which water is flowed to maintain an 

operating temperature of ca. 20 °C. The reactor is stirred to maintain even temperature throughout the reactor.

Conversions were determined from relative peak integrals of the benzylic protons. The reactions were determined to 

be complete when no further conversion was observed (i.e. when the conversions plateaued), with the exception of 

substrate 2b, where the reaction did not reach completion after continuous irradiation exceeding two months.

Figure S12. Photoreactors employed within this work (λex = 470 nm, ca. 14 W). Left: air-cooled (ca. 40 °C); right: 

water-cooled (ca. 20 °C).
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Figure S13. 1H NMR spectra, recorded at 400 MHz in C6D6, of 50 mM 1a with [Mo(LMe)3] (5 mol%) and TMP (2 eq.) 

at various time points under continuous irradiation at 470 nm at ca. 40 °C.

Figure S14. 1H NMR spectra, recorded at 400 MHz in C6D6, of 50 mM 1a with [Mo(LtBu)3] (5 mol%) and TMP (2 

eq.) at various time points under continuous irradiation at 470 nm at ca. 40 °C.
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Figure S15. 1H NMR spectra, recorded at 400 MHz in C6D6, of 50 mM 1a with [Ir(ppy)3] (5 mol%) and TMP (2 eq.) 

at various time points under continuous irradiation at 470 nm at ca. 40 °C.

Figure S16. 1H NMR spectra, recorded at 400 MHz in C6D6, of 50 mM 1a with [Ir(ppy)3] (5 mol%) and TMP (2 eq.) 

at various time points under continuous irradiation at 405 nm at ca. 20 °C.
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Figure S17. 1H NMR spectra, recorded at 400 MHz in C6D6, of 50 mM 2a with [Mo(LtBu)3] (5 mol%) and TMP (2 

eq.) at various time points under continuous irradiation at 470 nm at ca. 40 °C.

Figure S18. 1H NMR spectra, recorded at 400 MHz in C6D6, of 50 mM 1a with [Mo(LtBu)3] (5 mol%) and TMP (2 

eq.) at various time points under continuous irradiation at 470 nm at ca. 20 °C.
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Figure S19. 1H NMR spectra, recorded at 400 MHz in C6D6, of 50 mM 3a with [Mo(LtBu)3] (5 mol%) and TMP (2 

eq.) at various time points under continuous irradiation at 470 nm at ca. 20 °C.

Figure S20. 1H NMR spectra, recorded at 400 MHz in C6D6, of 50 mM 4a with [Mo(LtBu)3] (5 mol%) and TMP (2 

eq.) at various time points under continuous irradiation at 470 nm at ca. 20 °C.
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Figure S21. 1H NMR spectra, recorded at 400 MHz in C6D6, of 50 mM 5a with [Mo(LtBu)3] (5 mol%) and TMP (2 

eq.) at various time points under continuous irradiation at 470 nm at ca. 20 °C.

Figure S22. 1H NMR spectra, recorded at 400 MHz in C6D6, of 50 mM 6a with [Mo(LtBu)3] (5 mol%) and TMP (2 

eq.) at various time points under continuous irradiation at 470 nm at ca. 20 °C.
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4.2 Luminescence Band Shape Analysis and Temperature 

Dependent Emission Studies of Mo(0) Isocyanide 

Complexes 
In addition to the studies presented in chapter 4.1, luminescence band shape analysis and 

simulations, as previously reported for polypyridine complexes of Os(II),[91] were 

performed for [Mo(LMe)3] and [Mo(LtBu)3]. The results of such calculations can give further 

insight into excited-state distortions and nonradiative relaxation pathways of these two 

compounds. We found that in both complexes, the 3MLCT relaxation is coupled to ligand 

backbone ring stretch vibrations at around 1300 cm-1, comparable to structurally related 

tris(α-diimine)ruthenium(II) complexes. However, the Mo(0) isocyanide complexes show 

higher average frequencies between 1600-1650 cm-1, likely due to additional coupling to 

C≡N vibrations. In combination with results from temperature-dependent emission 

experiments, these new findings can explain the factor of 10 difference in non-radiative 

relaxation between [Mo(LMe)3] and [Mo(LtBu)3]. These studies were published in: 

• P. Herr, O. S. Wenger “Excited-State Relaxation in Luminescent

Molybdenum(0) Complexes with Isocyanide Chelate Ligands” Inorganics, 2020,

8, 14.
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Abstract: Diisocyanide ligands with a m-terphenyl backbone provide access to Mo0 complexes
exhibiting the same type of metal-to-ligand charge transfer (MLCT) luminescence as the well-known
class of isoelectronic RuII polypyridines. The luminescence quantum yields and lifetimes of the
homoleptic tris(diisocyanide) Mo0 complexes depend strongly on whether methyl- or tert-butyl
substituents are placed in α-position to the isocyanide groups. The bulkier tert-butyl substituents lead
to a molecular structure in which the three individual diisocyanides ligated to one Mo0 center are
interlocked more strongly into one another than the ligands with the sterically less demanding methyl
substituents. This rigidification limits the distortion of the complex in the emissive excited-state,
causing a decrease of the nonradiative relaxation rate by one order of magnitude. Compared to RuII

polypyridines, the molecular distortions in the luminescent 3MLCT state relative to the electronic
ground state seem to be smaller in the Mo0 complexes, presumably due to delocalization of the
MLCT-excited electron over greater portions of the ligands. Temperature-dependent studies indicate
that thermally activated nonradiative relaxation via metal-centered excited states is more significant
in these homoleptic Mo0 tris(diisocyanide) complexes than in [Ru(2,2′-bipyridine)3]2+.

Keywords: luminescence; photophysics; metal-to-ligand charge transfer; ligand field; electron transfer

1. Introduction

Hexacarbonyl complexes of Cr0, Mo0, and W0 are prototypical coordination compounds obeying
the 18-electron rule with a low-spin d6 valence electron configuration. Isocyanides (CNR) are formally
isoelectronic with CO, and consequently it is unsurprising that hexakis(isocyanide) complexes of
the abovementioned d6 metals as well as some heteroleptic complexes comprising both CO and
CNR ligands have long been known [1–7]. The isocyanides are less π-accepting than CO, yet the
ligand field remains very strong (even in the Cr0 complexes), and all 6 d-electrons are paired in the
t2g-set of d-orbitals, which represent the HOMO in octahedral symmetry. In arylisocyanides, there is
some π-conjugation between the C≡N group and the aryl π-system, and consequently antibonding
ligand-based orbitals become the LUMO in hexakis(arylisocyanide) complexes of Cr0, Mo0, and
W0 [1,2]. The resulting electronic structure with a metal-based HOMO and a ligand-centered LUMO
is closely related to that encountered for isoelectronic RuII and OsII polypyridine complexes. Thus,
in analogy to this well-known class of precious metal-based complexes, arylisocyanide complexes of
Cr0, Mo0, and W0 have energetically low-lying metal-to-ligand charge transfer (MLCT) absorptions.
An early investigation already reported luminescence from a 3MLCT state in W0 arylisocyanide
complexes [2], and more recent work demonstrated that high luminescence quantum yields and long
excited-state lifetimes are achievable by optimizing the ligand design [8–10]. Moreover, these W0
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complexes with monodentate arylisocyanide ligands are very strong photoreductants, capable, for
example, of reducing anthracene to its radical anion form. Many different kinds of metal complexes
with isocyanide ligands have been explored over the past few decades [11–15], but metals with the
d6 or d10 electron configurations are unique in their ability to show luminescence from a 3MLCT
excited state.

Whilst structurally more flexible, multidentate isocyanide chelate ligands had been known for
some time [16], we found that chelating diisocyanide ligands based on a m-terphenyl backbone permit
the synthesis of homoleptic tris(diisocyanide) complexes of Cr0 and Mo0 that luminesce from 3MLCT
excited states (Figure 1) [17]. The molecular and the electronic structures of these compounds are
reminiscent of FeII and RuII polypyridine complexes, which have been investigated extensively in the
past. Until now, no convincing case of steady-state MLCT luminescence from a FeII complex has been
reported despite significant advances in extending their 3MLCT lifetimes in recent years [18–23]; hence,
our Cr0 complex currently seems to be the only example of a first-row d6-metal complex showing
MLCT luminescence in solution at room temperature under steady-state photo-irradiation [24].
The Mo0 diisocyanide complexes are not only emissive, but they can furthermore be employed in
photoredox catalysis of thermodynamically challenging reductions, which cannot be performed with
more widely known photoreductants such as fac-[Ir(ppy)3] (ppy = 2-phenylpyridine) [25]. Thus,
the Mo0 diisocyanide complexes represent Earth-abundant alternatives to precious-metal based
luminophores and photoredox catalysts, and in our view, there is interesting fundamental photophysics
and photochemistry to be explored in this field [26].
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Figure 1. Molecular structures of Cr0 and Mo0 complexes with diisocyanide chelate ligands [17,24,25,27].

Recently we reported that the [Mo(LtBu)3] complex exhibits much more favorable photophysical
properties than the closely related [Mo(LMe)3] compound, and we demonstrated that [Mo(LtBu)3] is
more widely applicable in photoredox catalysis due to greater photo-robustness [27]. The present
article focuses on the origin of the photophysical differences between these two complexes and attempts
to identify possible reasons for the very favorable luminescence behavior of [Mo(LtBu)3] in comparison
to [Ru(bpy)3]2+ (bpy = 2,2′-bipyridine) and related RuII polypyridines. Herein, we provide the first
analysis of relevant 3MLCT excited-state distortions in tris(diisocyanide) Mo0 complexes, and new
temperature-dependent luminescence lifetime data give insight into thermally activated nonradiative
relaxation via metal-centered excited states.
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2. Results and Discussion

The [Mo(LMe)3] and [Mo(LtBu)3] complexes differ only by the substituents in ortho- and
para-position to the isocyanide groups, yet their photoluminescence properties are very disparate
(Table 1) [27]. Whilst the emissive excited state is of 3MLCT-type in both cases, the luminescence
quantum yield (ϕem) for [Mo(LtBu)3] (in de-aerated solution at 20 ◦C) is an order of magnitude higher
than for [Mo(LMe)3] under identical conditions. Similarly, the 3MLCT lifetime (τ) is roughly a factor
of 10 longer for [Mo(LtBu)3] compared to [Mo(LMe)3]. (In a prior study we already noted that the
tert-butyl decorated complex exhibits bi-exponential luminescence decays and transient absorption
kinetics in all solvents investigated, and this is likely due to conformational equilibria in solution [27]).

Table 1. Emission band maxima (λmax), luminescence quantum yields (ϕem), and 3MLCT lifetimes (τ)
in de-aerated toluene at 20 ◦C [27].

Compound λmax/nm ϕem τ/ns

[Mo(LMe)3] 607 0.023 166
[Mo(LtBu)3] 585 0.203 1110 (85%)/2330 (15%) 1

1 Bi-exponential decays are observed in all investigated solvents; see text for details.

The parallel combined trends in luminescence quantum yields and lifetimes indicate that the
rate for nonradiative 3MLCT relaxation (knr) decreases by circa a factor of 10 between [Mo(LMe)3]
and [Mo(LtBu)3], whereas the radiative relaxation rate (kr) remains similar. Using Equations (1) and
(2), this effect can be quantified and the resulting rate constants can be compared to [Ru(dmb)3]2+

(dmb = 4,4′-dimethyl-2,2′-bipyridine) [28], which is an isoelectronic analogue of our molybdenum
complexes (Table 2).

τ−1 = kr + knr (1)

ϕem = kr/(kr + knr) (2)

Table 2. Rate constants for radiative (kr) and nonradiative (knr) 3MLCT excited-state relaxation in
solution at room temperature.

Compound kr/105 s−1 knr/105 s−1

[Mo(LMe)3] 1 1.39 58.9
[Mo(LtBu)3] 1,2 1.78 5.95

[Ru(dmb)3]2+ 3,4 0.83 10.6
1 In toluene. 2 Weighted average of lifetime values (τ) used for the calculation (0.85 × 1110 ns + 0.15 × 2330 ns) [27].
3 In acetonitrile. 4 From [28].

The radiative rate constants of the two Mo0 complexes are roughly a factor of 2 larger than for
the RuII complex. This is in line with more strongly absorbing MLCT features for [Mo(LMe)3] and
[Mo(LtBu)3] (with εmax up to 27,000 M−1 cm−1) compared to [Ru(dmb)3]2+ (εmax ≈ 16,500 M−1 cm−1,
εmax is the extinction coefficient at the 1MLCT absorption band maximum) [27]. However, it should be
kept in mind that these are 1MLCT absorption bands whereas the kr values are for 3MLCT relaxation.
As anticipated above, knr is indeed 10 times smaller for [Mo(LtBu)3] than for [Mo(LMe)3] (last column
in Table 2). In principle, a slower rate for nonradiative relaxation in the tert-butyl decorated complex is
in line with the energy gap law [29], because this complex emits at somewhat shorter wavelengths
(λmax = 585 nm, Table 1) than the methyl-substituted congener (λmax = 607 nm, Table 1). Yet, the
factor of 10 difference in knr seems large in relation to the difference in 3MLCT excited-state energies
(ca. 600 cm−1 when using the emission band maxima as a proxy).

Mere consideration of energy gaps is a very simplified view, and it is clear that the molecular
distortions occurring in an excited state have a big influence on the rates for nonradiative relaxation [29].
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The analysis of luminescence band shapes can provide deeper insight into excited-state distortions and
nonradiative relaxation [30], and consequently it seemed meaningful to perform such analyses with
the emission spectra of [Mo(LMe)3] and [Mo(LtBu)3] (Figure 2); such analyses had not been performed
before on our Mo0 complexes. Ideally, vibrational fine structure would directly indicate the relevant
distortion modes [31], but the lack thereof is common for MLCT luminescence and does not preclude
emission band shape analysis [28].
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Figure 2. Luminescence spectra of [Mo(LMe)3] and [Mo(LtBu)3] in n-hexane at 20 ◦C following excitation
at 500 nm (solid black trace) [25,27], along with simulated emission spectra according to Equation (3)
(dotted gray traces).

Suitable models describe the emission spectrum as a superposition of vertical transitions between
the electronically excited state and the ground state [32]. The intensity of each transition is determined
by the Franck–Condon factor, which quantifies the overlap between the vibrational wave functions of
the initial and the final state (Figure 3a). In this picture, the integral over all relevant vibronic transitions
then makes up the experimentally observable emission band shape. Whilst several vibrations can in
principle couple to an electronic transition [33], it is common to use single configurational coordinate
models in which only one (weighted average) vibrational mode is considered, particularly when
vibrationally unresolved (MLCT) luminescence spectra (at room temperature) are analyzed. In this
limit, the emission intensity I(ν) at a given energy ν is described by Equation (3), where h̄·ωM is the
average energy of the vibrational mode that couples to the luminescence transition [28,34].

I(υ) =
n∑

νM=0


(

E0 − νM·}ωM

E0

)3

×

(
SM

νM!

)
× exp

−4·ln(2)·
(
ν− E0 + νM·}ωM

∆υ1/2

)2
 (3)

E0 is the difference between the zero-point energies of the ground and the excited state, whereas
SM is the Huang–Rhys parameter describing the extent of molecular distortion occurring between the
two respective electronic states. The term ∆ν1/2 is the homogeneously broadened bandwidth associated
with the vibronic transitions. For the simulation of the spectra, the quantum number νM runs over the
number of relevant vibrational levels of h̄·ωM, which serve as final states in the electronic ground state.
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For the simulations in Figure 2, we summed over νM values from 0 to 3 and adapted E0, SM and
h̄·ωM to match the experimentally observed emission spectra as closely as possible. The outcomes are
included in Figure 2 as dotted gray traces, and the fitting parameters are summarized in Table 3 along
with those reported previously for the [Ru(dmb)3]2+ complex [28]. The experimental emission spectra
are somewhat affected by an instrumental artefact at 15,400 cm−1 [24], which renders the simulations
on the low energy side of the luminescence bands imperfect. Of key interest in this analysis are the
Huang–Rhys parameter (SM) and the (average) vibrational frequency (h̄·ωM). The respective values
for the [Ru(dmb)3]2+ complex are quite typical for RuII and OsII polypyridines [28,30,32,34,35]. The
vibrational frequency h̄·ωM of ca. 1300 cm−1 for this class of compounds is usually interpreted as a
dominance of polypyridine ring stretching modes in defining the relevant excited-state distortion of the
emissive 3MLCT state relative to the electronic ground state. Huang–Rhys parameters in the range of
0.6 to 1.2 are very common for RuII and OsII polypyridines [28,30,32,34]. By contrast, our isoelectronic
Mo0 complexes yield markedly lower Huang–Rhys parameters combined with a significantly higher
average vibrational frequency (Table 3).

Table 3. Emission spectral fitting parameters.

Compound E0/cm−1 E00/cm−1 h̄·ωM/cm−1 SM ∆ν1/2/cm−1

[Mo(LMe)3] 1 16,700 18,100 1650 0.23 1800
[Mo(LtBu)3] 1 17,150 18,400 1600 0.15 1700

[Ru(dmb)3]2+ 2,3 15,980 17,310 1330 1.05 1750
1 In toluene. 2 In acetonitrile. 3 From [28].

Specifically, our simulations provide h̄·ωM values near 1600 cm−1, suggesting that isocyanide
C≡N stretch vibrations (ca. 1950 cm−1) [25,27] contribute substantially to the weighted average of all
modes that are responsible for the excited-state distortion, presumably along with lower frequency
aryl ring stretch modes. This interpretation is compatible with recent computational work on W0
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complexes with monodentate arylisocyanide ligands, which demonstrated that distortion along a
normal coordinate involving the C≡N stretch is important [10]. Furthermore, previous work discussed
the coupling of the C≡N group to the aromatic π-system of arylisocyanides [1,2], and it seems plausible
that any distortion along the C≡N coordinate will automatically also affect the aromatic π-system and
associated ring stretching vibrations. On this basis, h̄·ωM values near 1600 cm−1 for the Mo0 complexes
can be rationalized.

The Huang-Rhys parameters obtained for [Mo(LMe)3] and [Mo(LtBu)3] are considerably lower
than that for [Ru(dmb)3]2+ (Table 3) and for many other RuII polypyridines [35]. This is a somewhat
surprising finding, which presumably reflects the fundamentally dissimilar molecular structures of the
diisocyanide and α-diimine ligands. Thus, in the Mo0 complexes, the 3MLCT excited-state distortion
seems considerably weaker than in the RuII and OsII polypyridines, but this distortion occurs along
vibrational modes with significantly higher average frequency. The combination of these two opposing
effects results in rate constants for nonradiative relaxation (knr) that are within one order of magnitude
the same for the Mo0 and [Ru(dmb)3]2+ complexes (last column of Table 2).

The energy gap E0 corresponds to the peak maximum of the first member of the vibrational
progression in the h̄·ωM distortion mode [30], and as such does not strictly correspond to the 3MLCT
energy (E00) used, for example, for the estimation of excited-state redox potentials from ground-state
potentials [36]. However, the two quantities are related to one another by Equation (4), in which kB is
Boltzmann’s constant and T is temperature [28].

E00 = E0 +
(∆υ1/2)

2

16·ln(2)·kB·T
(4)

This relationship yields E00 values (Table 3, third column) that are in line with those determined
previously for [Mo(LMe)3] and [Mo(LtBu)3] using other methods (ca. 2.2 eV) [25,27]. Lastly, we note that
the ∆ν1/2 values for our Mo0 diisocyanide complexes are similar to those obtained for the previously
investigated RuII and OsII polypyridines [28,30,32,34,35].

Aside from the comparison between the spectral band fitting parameters obtained for the Mo0

and RuII complexes (Table 3), the comparison between the obtained parameter sets for [Mo(LMe)3]
and [Mo(LtBu)3] is interesting. The emissive 3MLCT excited state is at slightly higher energy in the
complex with tert-butyl-substituted ligands (ca. 300 cm−1) and its Huang–Rhys parameter is 35%
lower than that of the complex with methyl-substituted ligands (Table 3). Both of these findings are in
line with the higher luminescence quantum yield for [Mo(LtBu)3] compared to [Mo(LMe)3] (Table 1).
The lower Huang–Rhys parameter for [Mo(LtBu)3] translates into a smaller distortion of the 3MLCT
excited state relative to the 1A1g ground state along the nuclear coordinate Qe (Figure 3a), which in turn
leads to weaker overlaps between vibrational functions of the 3MLCT and 1A1g states (grey shaded
areas in Figure 3a). This makes nonradiative relaxation less efficient than in [Mo(LMe)3], where the
excited-state distortion is stronger. The magnitude of the (equilibrium) distortion, ∆Qe, is related to
the Huang–Rhys parameter by Equation (5), where M is the reduced mass of the oscillator and ωM is
the vibrational frequency.

SM =
1
2
·

(M·ωM

}

)
·(∆Qe)

2 (5)

Since multiple normal coordinates contribute to SM in our Mo0 complexes, and because we are
lacking information regarding their relative importance, the ∆Qe values for the relevant individual
normal coordinates cannot be calculated here. If vibrational fine structure were observable in the
emission spectra, this would be possible [33].

The above emission band shape analysis serves to rationalize nonradiative relaxation occurring
directly from the emissive 3MLCT manifold to the electronic ground state. However, in RuII

polypyridine complexes there is usually additional nonradiative relaxation from the 3MLCT via
the 3T1g excited state (Figure 3b) [37,38]. Depending on ligand design [39], this metal-centered
state can be energetically very close and nonradiative relaxation becomes very rapid, and this is the
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reason why [Ru(tpy)2]2+ (tpy = 2,2′:6′,2”-terpyridine) is essentially non-emissive in solution at room
temperature [40]. Conversely, when the 3T1g state is located energetically sufficiently above the 3MLCT
manifold, high luminescence quantum yields and long excited state lifetimes are achievable [41]. In
[Ru(bpy)3]2+ that energy difference amounts to ca. 3600 cm−1 [42], but for emissive Mo0 isocyanide
complexes this important aspect has not been explored before.

In order to gain insight into thermally activated 3MLCT relaxation via the 3T1g state, we therefore
performed temperature-dependent luminescence lifetime studies (τ(T), open circles in Figure 4). The
3MLCT lifetimes of both [Mo(LMe)3] and [Mo(LtBu)3] decrease by roughly a factor of 4 between 283
and 338 K, in line with a thermally activated nonradiative decay process. The luminescence decays
of [Mo(LtBu)3] remain bi-exponential at all temperatures measured (see above), and the τ(T)-values
reported in Figure 4 are weighted averages from bi-exponential fits. Equation (6) and the simplified
model illustrated by Figure 3b have been used previously to determine the 3MLCT-3T1g energy gap ∆E
for [Ru(bpy)3]2+ [42], and the solid lines in Figure 4a,b is fits with the same model to the experimental
data for our Mo0 complexes.

τ(T) = [kr + knr,1 + knr,2 · exp(−∆E/k·T)]−1 (6)
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Figure 4. Temperature-dependent luminescence lifetimes (circles) and fits with Equation (6) (solid lines)
for (a) [Mo(LMe)3] and (b) [Mo(LtBu)3] in toluene. See text for further details.

The sum kr + knr,1 (reflecting the total 3MLCT decay rate constant, Figure 3b) was fitted along
with knr,2 and ∆E. The results from such 3-parameter fits are listed in Table 4 along with those reported
previously for [Ru(bpy)3]2+ [42]. Of key interest is the comparison of ∆E-values. The 3MLCT-3T1g

energy gap is largest in [Ru(bpy)3]2+ (3559 cm−1); hence, that compound features the highest barrier for
thermally activated nonradiative relaxation via a metal-centered excited state. For the more strongly
emissive [Mo(LtBu)3] complex ∆E is ca. 19% larger than for [Mo(LMe)3] (2934 vs. 2472 cm−1, last column
in Table 4). Thus, the Mo0 complex with the tert-butylated ligand features less efficient nonradiative
relaxation than the Mo0 complex with the methylated ligand, both via direct 3MLCT relaxation to
the electronic ground state (Figure 3a) and via thermal activation of metal-centered excited states
(Figure 3b). It seems plausible that the greater overall rigidity of the [Mo(LtBu)3] complex compared to
[Mo(LMe)3] is responsible for that. An X-ray crystal structure of [Mo(LtBu)3] is not available, but when
considering the X-ray structure of the analogous Cr0 compound in Figure 5b, it seems evident that the
bulkier tert-butyl-substituents lead to a mutually more interlocked ligand framework than in the case
of [Mo(LMe)3] (Figure 5a).
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Table 4. Results from fits with Equation (6) to the temperature-dependent luminescence lifetime data
in Figure 4.

Compound kr + knr,1/s−1 knr,2/s−1 ∆E/cm−1

[Mo(LMe)3] 2.57 × 106 3.4 × 1011 2472
[Mo(LtBu)3] 3.74 × 105 3.6 × 1011 2934

[Ru(bpy)3]2+ 1 1.29 × 106 1.0 × 1013 3559
1 From [42].
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Figure 5. Space-filling representations of X-ray crystal structures of (a) [Mo(LMe)3] and
(b) [Cr(LtBu)3] [24,25]. An X-ray structure of [Mo(LtBu)3] is not available; hence, the Cr0 structure in (b)
is used for comparison with [Mo(LMe)3].

3. Materials and Methods

The [Mo(LMe)3] and [Mo(LtBu)3] complexes were available from two recent studies and were stored
under an Argon atmosphere at 4 ◦C [25,27]. Samples of both complexes (25 µM in dry toluene) were
degassed by three freeze-pump-thaw cycles prior to measurements. The new temperature-dependent
luminescence lifetime data were obtained using an LP920-KS spectrometer from Edinburgh Instruments,
employing a Nd:YAG laser (Quantel Brilliant b) with an OPO (Opotek) as excitation source. The
excitation wavelength was 500 nm with a typical pulse energy of 7 mJ. Single-wavelength kinetics
were recorded using a photomultiplier tube. Spectral band shape analysis occurred with the Igor Pro
software (version 6.3.7.2). The method by Parker and Rees was applied when converting the emission
spectra from wavelength to wavenumbers [43].

4. Conclusions

The new analyses and additional temperature-dependent lifetime data reported herein are
useful to understand why [Mo(LtBu)3] exhibits much more favorable photophysical properties than
[Mo(LMe)3]. Furthermore, the direct comparison between these tris(diisocyanide)molybdenum(0)
complexes and the isoelectronic and structurally related tris(α-diimine)ruthenium(II) compounds
made herein is insightful.

In both compound classes the 3MLCT relaxation is coupled to ring stretch vibrations (ca. 1300 cm−1)
of the ligand backbone, but in the Mo0 diisocyanides there seems to be additional coupling to C≡N
vibrations, manifesting in a higher average frequency (1600–1650 cm−1) of all modes responsible
for excited-state distortion. The disadvantage of coupling to a higher frequency mode in the Mo0

complexes seems to be compensated by significantly smaller Huang–Rhys factors compared to RuII

polypyridines. Thus, the combination of weaker distortion along higher frequency modes is likely
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responsible for the finding that the Mo0 diisocyanide complexes have similarly favorable luminescence
properties as the [Ru(bpy)3]2+ parent compound. In future work, it will be desirable to complement
these findings by time-dependent density functional theory calculations to get clearer insight into the
relevant excited-state distortions.

The barrier for thermal 3MLCT deactivation via metal-centered excited states is 18–30% smaller in
the two investigated Mo0 complexes than in [Ru(bpy)3]2+. For [Mo(LMe)3] that barrier is 19% lower
than for [Mo(LtBu)3], and the spectral band shape analysis points to a significantly greater 3MLCT
excited-state distortion in [Mo(LMe)3] relative to [Mo(LtBu)3]. These two new findings can explain
why nonradiative relaxation is roughly 10 times slower in the tert-butylated than in the methylated
complex. Differences in the rigidity of the molecular structures of these two complexes provide a
plausible rationale for this behavior. The sterically more demanding tert-butyl substituents lead to
a molecular structure of [Mo(LtBu)3], in which the three individual ligands are considerably more
interlocked into one another than in [Mo(LMe)3] where only methyl-groups are present. The use of
sterically demanding substituents at the ligand periphery that lead to a compact molecular structure
could represent a more generally valid design principle for minimizing undesirable excited state
distortions, particularly in photoactive complexes of Earth-abundant metals [44,45].
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5 Conclusion and Future Directions 
Multidentate isocyanide complexes of cheap, earth-abundant first- and second-row 

transition metals with d6 electronic configuration are a new class of photosensitizers that 

offer unique excited-state properties and reactivity. One such case are isocyanide 

complexes of Mo(0), which show long luminescence lifetimes and high 

photoluminescence quantum yields, if the metal centre is properly shielded from the 

chemical surrounding. Their high excited-state oxidation potentials allow such complexes 

to catalyse challenging photoreactions that are not possible with common Ru- or Ir-based 

complexes. 

Another example is a new set of homoleptic isocyanide complexes of Mn(I), which is 

among the first examples of first-row transition metals exhibiting MLCT luminescence in 

solution at room temperature (apart from complexes of Cu(I), whose electronic 

configuration makes luminescent MLCT states more accessible). The finding that these 

compounds have two different excited states that can both be accessed for 

photoreactions makes them stand out from the typical behaviour of second- and third-

row transition metal complexes. These new insights into the photophysical properties of 

first-row transition metal complexes complement recent discoveries, such as luminescent 

LMCT states in Fe(III) complexes.[55] Further research on low-valent complexes of earth-

abundant metals is needed to better understand and reveal more of the interesting 

characteristics of this class of compounds.  

For a better understanding of the electronic and steric influence of multidentate 

isocyanide ligands, an obvious next step is the synthesis and characterisation of Mo(0) 

complexes with the bi- and tridentate thienyl ligands discussed in chapter 3. With regard 

to the structurally similar complexes used in reference [85], these new complexes should 

help to quantify the effects stemming from the thienyl linkers versus the extended π-

system. Vice versa, Mn(I) complexes with the phenylene linked ligands could also give 

further insight on this matter. 

Furthermore, a detailed analysis of the inherent weaknesses of these complexes is also 

required. These drawbacks include the difficulties to regenerate the initial state after 

photo-oxidation in Mo(0) complexes or the poor photostability of the Mn(I) complexes. A 

combination of the Mo(0) photocatalyst with either an electrochemical setup or novel 

methods like dehydrogenation reactions to produce the required electrons, as described 

in reference [92], could improve the versatility of this system. Structural modifications of 

the ligands can address problems in complexes of both metals. Especially for the new type 

of Mn(I) complexes, structural improvements could help resolve the poor photostability 

while revealing possible new and interesting characteristics.  
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The ligand scaffold employed in this thesis is extremely versatile and can be modified in 

various ways: 

1) The steric demand of the linker can be modulated by the size of the aromatic ring

(Figure 22). The main condition that the resulting ligand needs to fulfil is a bite

angle, which matches the requirements for coordination with the desired metal

centre.

Figure 22: Possible linker sizes for new multidentate isocyanide ligands. X is a heteroatom such as 
S, O, or NH. 

2) The electronic properties of the linker can be modulated by functionalisation with

electron-donating or withdrawing groups (Figure 23a). Incorporation of

heteroatoms other than sulphur is another option (Figure 23b). Reference [85]

already described the changes observed in complexes of Mo(0) after replacement

of phenylene linkers with thienyl groups. Possible heterocycle linkers include, but

are not limited to, pyrrole, imidazole, furane, pyridine, pyrimidine, or pyrazine. A

third option to alter the electronic properties of the linker is the introduction of

polycyclic aromatic structures (Figure 23c). Combinations of polycyclic linkers with

the introduction of heteroatoms gives a variety of possible, and synthetically

accessible, new ligand structures.

Figure 23: The electronic properties of the linker group can be modified with electron donating 
and/or withdrawing R groups (a), introduction of heteroatoms (b) or polycycles (c) as well as 
combinations thereof. 
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3) Functionalisation of the peripheral aromatic rings can also modulate the electronic

properties of new ligands. A variety of changes similar to the aforementioned

linker modulations are possible (Figure 24). However, a sterically demanding group

in ortho-position to the isocyanide group is necessary to preserve the shielding of

the metal centre.

Figure 24: The electronic properties of the peripheral aromatic rings can be modified with electron 
donating and/or withdrawing R groups, introduction of heteroatoms or polycycles as well as 
combinations thereof. 

4) A structurally more rigid ligand would prevent the linker units from forming

conformers that cause the multiexponential luminescence decay discussed in

chapter 3. Ligand rigidity can be achieved through benzannulation, bridging the

peripheral with the central aromatic unit (Figure 25). The resulting large π-system

of such a ligand likely shifts the absorption (and possibly emission) properties of

corresponding complexes further into the red spectral region, which is beneficial,

especially for Mn(I) complexes. In addition, the extended π-system could make the
3π- π* states discussed in chapter 3 more accessible, for increased reactivity from

these states.

Figure 25: Example of a ligand with increased rigidity due to bridged peripheral and linker units. 

All these structural changes are applicable for a bi- as well as a tridentate ligand scaffold 

with one and two linker units, respectively. 

While changes in the ligand structure, which expand the absorption of corresponding 

complexes into the red spectral region are beneficial for Mn(I) complexes, the opposite 



Conclusion and Future Directions 

190 

approach seems necessary for Mo(0). Due to the extension of the spectral absorption over 

a large part of the visible spectrum, luminescence lifetime and quantum yield drop 

drastically in the complexes described in reference [85], compared to the complex 

discussed in chapter 4. This is likely an effect of the energy gap law. Using ligands that 

shift the absorption properties of Mo(0) complexes to higher energies, even more 

reducing excited states could get accessible. 

A synthetically more challenging change is the development of heteroleptic complexes – 

for example a combination of isocyanide ligands with NHC ligands. Another example that 

is accessible with heteroleptic complexes are push-pull systems, as already shown for 

Fe(II) complexes.[93] If successful, the range of possible properties of such complexes could 

be increased tremendously.  

Finally, complexes of other metals can be synthesised. With the insights gained from the 

synthesis and analysis only of some of the aforementioned new ligands as well as a reliable 

synthetic route for heteroleptic complexes at hand, even luminescent isocyanide 

complexes of Fe(II) could be within reach. 
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6 Appendix: Donor-Acceptor Interactions 
through a Helical Oligo-1,2-naphthylene 
Bridge 

The miniaturisation of electrical circuits has been following MOORE’s law for the last 50 

years.[94] However, conventional electronic devices made from bulk materials have an 

inherent limit to their minimal size. Therefore, the field of molecular electronics, in which 

researchers built single molecules with the properties of e.g. wires, switches or 

transistors, has gained increasing interest in recent decades.[95] 

Most research on molecular wires is focused on two-dimensional, linear rod-like 

compounds such as oligo-p-phenylenes, as these structures have well-defined geometries 

and good donor-acceptor separation.[96,97] In contrast, the field of multidimensional 

electron transfer only started to receive increased interest in recent years. One major 

hindrance in the research of three-dimensional electronic wires is that of lacking 

configurational stability. The Sparr group recently developed helical oligo-1,2-

naphthylenes that are composed of biaryls with a defined configuration of stereogenic 

axes.[98] This configurational stability enables the investigation of electron transfer 

through these molecular wires without the problem of interconversion between different 

conformers that prior studies had. 

A donor-bridge-acceptor system was synthesised with varying lengths of the oligo-1,2-

naphthylene bridge (Figure 26).  

Figure 26: Structure of the donor-bridge-acceptor system used to study electron transfer through 
a helical, three-dimensional 1,2-naphthylene bridge of varying length. 

Due to their favourable and distinguishable electrochemical and optical spectroscopic 

properties, [Ru(bpy)3]2+ was used as a photosensitizer and electron acceptor and a 
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triarylamine unit was used as electron donor. The bridge consists of one to three 

naphthalene units, to study changes of the electron transfer route and rate with 

increasing length of the molecular wire. 

We found that the electron transfer rate surprisingly depends only very weakly on the 

bridge length. We attributed this to the unique molecular architecture of the oligo-1,2-

naphthylene bridge, which allows a combination of electron transfer paths through 

covalent and noncovalent contacts. Despite the rigidity of the helical bridge structure, 

several close contacts exist that are possible secondary structure shortcuts for electron 

transfer. All results of this study were published in: 

• A. Castrogiovanni, P. Herr, C. B. Larsen, X. Guo, C. Sparr, O. S. Wenger

“Shortcuts for Electron-Transfer through the Secondary Structure of Helical

Oligo-1,2-Naphthylenes” Chem. Eur. J., 2019, 25, 16748-16754.

Author Contributions 

• A.C. synthesised and characterised all compounds and contributed equally to data

analysis and preparation of the manuscript.

• P.H. performed all the spectroscopic and electrochemical measurements and

contributed equally to data analysis and preparation of the manuscript.

• C.B.L. fitted the temperature dependence of kET (Figure 3) and contributed equally

to data analysis and preparation of the manuscript.

• X.G. performed the DFT calculations and contributed equally to data analysis and

preparation of the manuscript.

• C.S. conceived research and contributed equally to data analysis and preparation

of the manuscript.

• O.S.W. conceived research and contributed equally to data analysis and

preparation of the manuscript.



COMMUNICATION 

Shortcuts for Electron-Transfer through the Secondary Structure 

of Helical Oligo-1,2-naphthylenes 

Alessandro Castrogiovanni,† Patrick Herr,† Christopher B. Larsen, Xingwei Guo,‡ Christof Sparr,* and 

Oliver S. Wenger* 

Abstract: Atropisomeric 1,2-naphthylene scaffolds provide access to 

donor-acceptor compounds with helical oligomer-based bridges, and 

transient absorption studies reveal a highly unusual dependence of 

the electron transfer rate on oligomer length, which is due to their well-

defined secondary structure. Close non-covalent intramolecular 

contacts enable shortcuts for electron transfer that would otherwise 

have to occur over longer distances along covalent pathways, 

reminiscent of the behavior seen for certain proteins. The simplistic 

picture of tube-like electron transfer can describe this superposition of 

different pathways including both the covalent helical backbone as 

well as non-covalent contacts, contrasting the wire-like behavior 

reported many times before for more conventional molecular bridges. 

The exquisite control over the molecular architecture, achievable with 

the configurationally stable and topologically defined 1,2-

naphthylene-based scaffolds, is of key importance for the tube-like 

electron transfer behavior. Our insights are relevant for the emerging 

field of multi-dimensional electron transfer and for possible future 

applications in molecular electronics. 

1. Introduction

Photoinduced electron transfer (PET) in artificial systems typically 
relies on linear, rigid rod-like compounds in which the 
conformational degrees of freedom are restricted, leading to 
relatively well-defined molecular geometries and donor-acceptor 
separations (Scheme 1a). Such design simplifies investigations of 
the influence of driving-force,[1] donor-acceptor distance,[2] or 
bridge structure [3] on electron transfer rates (kET). Oligo-p-
phenylenes are a prototypical class of molecular wires,[4] but 
recently oligo-o-phenylenes emerged as isomeric alternatives 
with intriguing properties because of their possible folding into 
helical secondary structures.[5] In such helical foldamers, multiple 
electron transfer pathways begin to compete with one another. On 
the one hand, electron transfer can still occur along the covalent 
backbone of the wire (Scheme 1b) like in the linear oligo-p-
phenylenes, but on the other hand there can now be pathways 

involving non-covalent contacts between structural elements that 
are close in three-dimensional space but not directly connected to 
one another (Scheme 1d). As long as such conformationally 
dynamic systems are considered, it remains extremely difficult to 
distinguish between different pathways (Scheme 1c) because 
different interconverting conformers can be present on the 
timescale of the electron transfer event. For this reason, a prior 
study of dynamic oligo-o-phenylene bridged donor-acceptor 
compounds provided entangled results with limited insight into the 
actual electron transfer pathways.[6]  

Scheme 1. (a) Electron transfer (ET) through linear wires; (b) ET across the 
covalent backbone of a helical structure; (c) conformational flexibility 
complicates the assessment of the relative importance of covalent versus non-
covalently pathways; (d) ET pathway involving non-covalent contacts in a helical 
structure. 

Recently, some of us discovered a stereoselective aldol 
condensation leading to configurationally stable, atropisomeric 
oligo-1,2-naphthylenes which do not suffer from the problem of 
rapid interconversion between different wire conformers on the 
electron transfer timescale, because they are composed of biaryls 
with defined configuration of stereogenic axes.[7]  
As the understanding of one-dimensional electron transfer 
(Scheme 1a) gets increasingly complete, there is now growing 
interest in multi-dimensional electron transfer (Scheme 1b-d), for 
example in foldamers,[8] -stacked,[9] forked [10] or circular 
structures.[11] The motivations for such research are diverse and 
include for example the ambition to construct light-harvesting and 
charge-separating systems that emulate natural photosynthesis, 
to enhance the efficiency of organic light emitting diodes (OLEDs), 
or the desire to control electron transfer pathways in future 
molecular electronics applications. Donor-bridge-acceptor 
compounds with well-defined molecular structures are ideally 
suited to explore the fundamentals of multi-dimensional electron 
transfer, and in our oligo-1,2-naphthylenes the type of unfolding 
illustrated in Scheme 1c is impossible. Consequently, we are able 
to get unusually direct insight into the combination of the 
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pathways illustrated in Scheme 1b/d, which are of significant 
interest for the abovementioned applications in solar energy 
conversion, lighting, and molecular electronics. 

Scheme 2. (a) Donor-acceptor dyads synthesized and investigated in this work. 
(b) Space-filling model of the dyad with n = 3 (compound W3). 

Quantitative information on electron transfer pathways is often 
extractable from distance dependence studies of electron transfer 
rates,[12] and therefore we synthesized three donor-acceptor 
dyads (Scheme 2a) comprised of variable-length 1,2-naphthylene 
bridges (n = 1, 2, 3). The choice of triarylamine (TAA) and 
[Ru(bpy)3]2+ as electron donor and electron acceptor units was 
mainly motivated by their favorable electrochemical and optical 
spectroscopic properties, providing unambiguous observables in 
time-resolved laser spectroscopy.[6, 13] A space-filling molecular 
model of the dyad with n = 3 (Scheme 2b) illustrates the steric 
congestion caused by the 1,2-naphthylene based wire backbone, 
and it becomes evident that pathways involving non-covalent 
contacts can potentially contribute to electron transfer between 
TAA and [Ru(bpy)3]2+ in such structures. To some extent, the 
situation in our dyads resembles that encountered in proteins, 
where electron transfer along the covalent primary structure is 
often preferable, but where individual steps involving non-
covalent contacts across the tertiary structure can make important 
contributions.[14] In artificial systems, such events are yet hardly 
explored for the reasons outlined above (Scheme 1). 

2. Synthesis

Using an iterative oligo-1,2-naphthylene synthesis by the addition 
of a building block BB followed by a catalyst-induced formation of 
a naphthaldehyde,[6] precursor A1 was readily accessible 
(Scheme 2). The shortest dyad W1 (n = 1) was in turn prepared 
by conversion of the aldehyde of A1 to a terminal alkyne by using 
the Ohira-Bestmann reagent, allowing the subsequent installation 
of the bipyridine moiety through a Sonogashira cross-coupling. 
The free ligand was complexed with [Ru(bpy)2Cl2], delivering the 
molecular dyad W1 (n = 1) with a covalent distance between the 
triarylamine (TAA) N-atom and the Ru(II) center of 17.5 Å and 
notably, a drastically shorter spatial separation (7.0 Å). In order to 

study the impact of covalent and through-space separation on the 
PET properties, we next synthesized a homologous system with 
a longer donor-acceptor distance. We thus converted aldehyde 
A2 to the corresponding alkyne under the conditions employed for 
the synthesis of W1, but found that the following Sonogashira 
cross-coupling was ineffective, presumably due to competitive 
oxidative pathways. However, this complication could be obviated 
by performing the cross-coupling under copper-free conditions to 
access the bipyridine ligand poised for ensuing complexation to 
provide W2 (n = 2) as a 1 : 1 mixture of (Sa)- and (Sa)- 
diastereomers. Compared to W1, the homologous dyad W2 
contains a configurationally stable stereogenic axis, resulting in 
an increased covalent distance of 21.7 Å, which is about twice the 
length of spatial separation of the donor N-atom and Ru (10.3 Å).  
The possibility of controlling the configuration and the secondary 
structure of oligo-1,2-naphthylenes to govern the spatial 
relationship of substituents prompted us to devise a wire with two 
stereogenic axes. Following the synthetic approach for the 
preparation of dyad W2, the enantio- and diastereoisomerically-
defined aldehyde A3 could be converted to the corresponding 
dyad W3 with three naphthylene repeating units. The (Sa,Sa) 
configuration of the stereogenic axes ensures a maximal covalent 
separation of 26.2 Å, which is approximately 10 Å longer than the 
through-space distance. The [Ru(bpy)3]2+ photosensitizer unit in 
all three dyads is present as a mixture of  and  stereoisomers.  

3. Electron transfer

The [Ru(bpy)3]2+ photosensitizer of all dyads can be selectively 
excited at 532 nm (Fig. S1), and transient absorption spectra 
recorded immediately after the 10-ns laser pulses (Fig. 1a) are 
essentially a superposition of [Ru(bpy)3]+ (Fig. 1b) and TAA+ (Fig. 
1c) as is evident from UV-Vis spectroelectrochemical 
measurements. This observation indicates that electron transfer 
from TAA to photoexcited [Ru(bpy)3]2+ occurs on a timescale 
faster than 10 ns. The redox properties of the TAA donor and the 
[Ru(bpy)3]2+ photosensitizer are insensitive to bridge elongation 
(Fig. S2-S4), and cyclic voltammetry yields potentials around 0.70 
V vs SCE for the TAA+/0 and -1.15 V vs SCE for the [Ru(bpy)3]2+/+ 
redox couples in all three dyads.  Given an excited-state energy 
of 2.03 eV (based on the 3MLCT luminescence of the W2 dyad in 
butyronitrile at 77 K, Fig. S5), we therefore estimate that one-
electron reduction of the 3MLCT-excited [Ru(bpy)3]2+ units of our 
dyads occurs at potentials near 0.88 V vs SCE. Consequently, the 
reaction free energy (GET

0) for electron transfer from TAA to 
3MLCT-excited [Ru(bpy)3]2+ is around -0.2 eV for all dyads (Table 
S1), because TAA is oxidized near 0.7 V and photoexcited 
[Ru(bpy)3]2+ is reduced near 0.9 V vs SCE. As noted above, this 
process occurs within the duration of the excitation laser pulses 
(Fig. S6), and therefore cannot be temporally resolved by 
nanosecond laser flash photolysis. 
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Scheme 3. Synthesis of donor-acceptor dyads W1-3. 

The transient absorption signals of the observable [Ru(bpy)3]+ and 
TAA+ photoproducts (Fig. 1a) start to decay immediately after the 
end of the pulses (Fig. 2a-c) as a result of the spontaneously 
occurring thermal reverse electron transfer from reduced acceptor 
to oxidized donor. All decays are mono-exponential, and for a 
given dyad they are exactly alike irrespective of whether 
[Ru(bpy)3]+ (red traces in Fig. 2a) or TAA+ is monitored (blue 
traces in Fig. 2a), diagnostic of intramolecular reverse electron 
transfer, in the course of which the reduced acceptor and the 
oxidized donor disappear with identical kinetics. Based on the 
potentials for the TAA+/0 and [Ru(bpy)3]2+/+ redox couples given 
above, this thermal reverse reaction is associated with GET

0 of 
ca. -1.8 eV. Evidently, the thermal reverse electron transfer from 
[Ru(bpy)3]+ to TAA+ has a far greater driving-force (1.8 eV) than 
the initial electron transfer from TAA to photoexcited [Ru(bpy)3]2+ 
(0.2 eV), yet the thermal reverse process occurs on a much 
slower timescale (ca. 1 µs, Fig. 2a) than the initial photoinduced 
reaction (< 10 ns, see above). This is not an uncommon 
observation in molecular dyads and triads of this type, and it is 
often attributed to the inverted driving-force regime of Marcus 

theory, in which electron transfer rates decrease with increasing 
driving-force.[1d, 2a, 15] 
Single-exponential fits to the decay data in Fig. 2 yield rate 
constants (kET) decreasing from (8.2±0.4)×106 s-1 for W1 to 
(6.3±0.3)×106 s-1 for W2 and finally (5.2±0.3)×106 s-1 for W3 
(Table 1). Thus, kET depends very weakly on dyad length, 
exhibiting a decrease by only a factor of 1.6 between W1 and W3. 
This finding is highly unusual as becomes evident by comparison 
to previously disclosed distance dependence data obtained from 
dyads with oligo-p-phenylene bridges, where each additional 
phenylene unit typically causes a decrease of kET by a factor of 
10.[16] The elongation by two o-naphthyl units when going from 
W1 to W3 therefore causes a decrease of kET that is roughly a 
factor of 60 lower than the expectable decrease associated with 
the elongation by two p-phenylene units. Thus, our oligo-1,2-
naphthylene bridges mediate long-range electron transfer with 
much faster rates than the prototypical oligo-p-phenylene wires. 
This is a remarkable finding, which could not be anticipated at the 
outset of this project. 
Energy minimized ground-state DFT calculations were used to 
estimate the donor-acceptor distances in our dyads (Fig. S8; see 
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SI page S29 for details), leading to values between 17.5 (n = 1) 
and 26.2 Å (n = 3) when measuring the distance between the TAA 
N-atom and the Ru(II) center along the shortest covalent pathway
through all naphthylene units (rDA,cov). Alternatively, values
ranging from 7.0 (n = 1) to 15.7 Å (n = 3) are obtained when
determining the distance between the two respective atoms
directly through space (rDA,ts). Semi-logarithmic plots of kET versus
distance are linear (Fig. 2d), in line with the commonly observed
exponential distance dependence of kET in the tunneling regime,
where the bridge imposes a barrier through which the electrons
tunnel from the donor to the acceptor.  The distance decay
constant () in eq. 1 describes the steepness of the exponential
decrease of kET, and kET

(0) is the electron transfer rate when the
donor and the acceptor are in van der Waals contact distance.[14d]

The physical origin of the exponential function in eq. 1 are
exponentially decreasing orbital overlaps as described by
superexchange theory.[17] Regardless of whether the rDA,cov or the
rDA,ts values from above are used, a  value of 0.05 Å-1 is obtained
for our dyads (Fig. 2d), which is much lower than the typical -
values of oligo-p-phenylenes and closely related bridges (0.5 –
0.8 Å-1).[16] In principle,  is not a bridge-specific parameter, but
instead depends on the entire combination of donor, bridge, and
acceptor,[2c, 18] but nevertheless this comparison between  values
is meaningful because some of the previously investigated
phenylene-bridged systems involved similar [Ru(bpy)3]2+ and
tertiary amine donors as in dyads W1-W3.[19] Given  values that
are lower by a factor of 10-16 in oligo-1,2-naphthylenes than in
oligo-p-phenylenes, one can argue that our new wires perform by
at least an order of magnitude better.

𝑘 𝑑 𝑘 ∙ exp 𝛽 ∙ 𝑑 (eq. 1) 

With a  value as low as 0.05 Å-1, a hopping rather than tunneling 
mechanism could in principle be operative.[12, 20] In the electron 
hopping process, individual bridge units are temporarily reduced 
before the transferring electron reaches the thermodynamic sink 
at the acceptor. Alternatively, in the hole hopping picture, the 
bridge units are transiently oxidized before the hole reaches the 
donor. The electron reduction potential of naphthalene is -2.49 V 
vs SCE [21] and the [Ru(bpy)3]2+/+ potential is -1.15 V vs SCE (see 
above), hence the temporary reduction of a naphthalene unit by 
[Ru(bpy)3]+ is endergonic by ca. 1.3 eV. The one-electron 
oxidation of naphthalene requires a potential of 1.54 V vs SCE,[21] 
whereas the TAA+/0 potential is 0.70 V vs SCE, and consequently 
the hole transfer from TAA+ to naphthalene is endergonic by ca. 
0.8 eV. On this basis, both electron and hole hopping processes 
are unlikely, and we conclude that the unusually shallow distance 
dependence observable for our oligo-1,2-naphthylenes is likely 
due to an unusually efficient tunneling process.  

Figure 1. (a) Transient absorption spectra recorded after excitation of 20 μM 
solutions of the dyads from Scheme 1 in acetonitrile (blue, n = 1; green, n = 2; 
black, n = 3). Excitation occurred at 532 nm with laser pulses of ca. 10 ns 
duration, spectra were recorded by integration over 200 ns without delay. (b) 
Spectro-electrochemical UV-Vis difference spectrum recorded from a de-
aerated 1 mM solution of the dyad with n = 2 in acetonitrile while applying a 
potential of -1.3 V vs. SCE. (c) Spectro-electrochemical UV-Vis difference 
spectrum obtained from the same solution while applying a potential of 0.9 V vs. 
SCE. The UV-Vis spectra prior to applying any potential served as baselines in 
(b) and (c). 

Figure 2.  Decay of the transient absorption signals at ca. 390 (black), 510 (red) 
and 745 (blue) nm, for (a) n = 1, (b) n = 2 and (c) n = 3 in de-aerated acetonitrile 
after excitation at 532 nm with laser pulses of ca. 10 ns duration (T = 20 °C). (d) 
ET rates (kET) as a function of donor-acceptor distance measured through the 
covalent bridge backbone (rDA,cov) and through space (rDA,ts) in energy-minimized 
ground-state conformers of the three dyads from Scheme 1. 

To gain further insight, we performed temperature-dependent 
transient absorption studies, from which we determined kET for the 
thermal reverse electron transfer from [Ru(bpy)3]+ to TAA+ in all 
three dyads between 0 and 50 °C (Figure S27). Fitting the 
temperature dependence of kET to the semiclassical Marcus-Hush 
equation (eq. 2) is a common procedure to determine the 
reorganization energy () and the electronic coupling between the 
donor and the acceptor (HDA).[3a] We used the reaction free 
energies (GET

0) extracted from cyclic voltammetry (Table S1) as 
input values, and fitted  and HDA to the kinetic data in Fig. 3 (see 
SI page S27 for details). 

𝑘
ℏ ∙ ∙ ∙

∙ 𝐻 ∙ exp 
∙ ∙ ∙

(eq. 2) 
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Table 1. Electron-transfer parameters for the dyads from Scheme 1: Donor-acceptor distances measured through the covalent bridge backbone (rDA,cov) and through-
space in low-energy conformers (rDA,ts), rate constants for ET (kET) at 20 °C, (negative) reaction free energies (GET

0), activation free energies (GET
‡), reorganization 

energies (), and electronic coupling (HDA) between donor and acceptor. 

cmpd rDA,cov [Å] rDA,ts [Å] kET [s-1] -GET
0 [eV] GET

‡ [meV]  [eV] HDA [cm-1] 

n = 1 17.5 7.0 (8.20.4)ꞏ106 1.810.05 11010 1.120.04 1.50.1 

n = 2 21.7 10.3 (6.30.3)ꞏ106 1.790.05 12010 1.070.04 1.70.1 

n = 3 26.2 15.7 (5.20.3)ꞏ106 1.820.05 14010 1.060.04 2.10.1 

The obtained  values for the three dyads are all within 
experimental error at ca. 1.1 eV (Table 1), in line with numerous 
previously investigated systems, including many ET enzymes.[14c] 
A  value of 1.1 eV is furthermore compatible with a simple model 
[15a] which treats the donor and the acceptor as two charged 
spheres (with radii of 4 Å) interacting with each other in 
electrostatic fashion through CH3CN (with a dielectric constant of 
35.7 and a refractive index of 1.3441).[22] Thus, there is no unusual 
behavior of  in our dyads. The striking finding is that HDA is nearly 
insensitive to bridge elongation and even slightly increases from 
1.50.1 cm-1 to 2.10.1 cm-1 between W1 and W3 (Table 1). For 
superexchange tunneling, a decrease of HDA with increasing rDA 
is usually observed, typically by factors of 1.2 – 3.0 per Å distance 
elongation depending on whether saturated or π-conjugated 
bridges are present.[14c, 14d, 23] Thus, the unusually shallow 
distance dependence of kET in our dyads (Fig. 2d) can be 
attributed to an uncommon behavior of electronic coupling 
between donor and acceptor, whereas the reorganization energy 
shows no unusual effects.  
Since the peculiar distance dependence of HDA in our dyads 
cannot be reconciled in the common framework of electron 
transfer along the covalent backbone of the molecular bridge, we 
began to consider the possibility of additional tunneling pathways 
along non-covalent contacts within the helical oligo-1,2-
naphthalene structure. Prior work on C-clamp or U-shaped 
molecules demonstrated that electron transfer through space and 
through solvent molecules is typically much slower than along 
covalent pathways.[24] However, our oligo-1,2-naphthalene 
structures are very compact (Scheme 2b), with much shorter non-
covalent contacts than in previously investigated model systems, 
and it is conceivable that these short contacts contribute 
significantly to HDA. As the length of the molecular bridge 
increases, the number of such non-covalent contacts increases, 
and this could explain the peculiar distance dependence of HDA 
uncovered above. 

Figure 3. Temperature dependence of kET for all three dyads recorded at three 
wavelengths each, fitted to eq. 1. 

Ground-state energy-minimized DFT calculations afford 
qualitative evidence of non-covalent interactions providing 
possible shortcuts for electron-transfer in our dyads. For instance, 
there is a short through-space donor-acceptor contact for the W1 
dyad (Fig. 4, top) with a distance of only 7.0 Å between the N-
atom of TAA and the Ru(II) center, and there are π-interactions 
between TAA and a naphthylene unit for the W3 dyad (Fig. 4, 
bottom). Given that the calculations are on ground-state energy-
minimized structures, there are likely many such non-covalent 
interactions in solution. However, the conformational degrees of 
freedom of the investigated atropisomeric oligo-1,2-naphthylene 
dyads W1-3 are essentially reduced to librational motions 
between adjacent naphthylene units as well as rotation around 
the CC triple bond, but unfolding of the helical structures is not 
possible as discussed above (Scheme 1). Nevertheless, it 
remains impossible to pinpoint exact transfer paths. The key  point 
here is that the helical oligo-1,2-naphthalene structures impose 
short non-covalent contacts, and relatively minor thermal 
fluctuations can readily enable electron transfer across these non-
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covalent contacts, complementing the transfer along the covalent 
backbone. 

Figure 4. Ground-state geometry-optimized structures of n = 1 (top), and n = 3 
(bottom), obtained from B3LYP/6-31G(d) DFT calculations, highlighting 
examples of non-covalent short-contacts as possible secondary structure 
shortcuts for electron-transfer. 

4. Summary and conclusions

The electronic coupling (HDA) between the donor and acceptor 
units in our dyads exhibits a fundamentally different dependence 
on distance than in the vast majority of previously investigated 
systems. One-dimensional donor-bridge-acceptor compounds 
(Scheme 1a) typically exhibit an exponential decrease of HDA in 
the tunneling regime, whilst electron (or hole) hopping can give 
rise to more shallow decreases.[12, 14c, 14d] However, an increase of 
HDA with distance elongation as for the dyads in Scheme 2a (even 
though weak, from 1.50.1 to 2.10.1 cm-1) is very rare.[16b, 25] This 
suggests that the unusually congested molecular architecture of 
the oligo-1,2-naphthylene bridges (Scheme 2b) imparts 
uncommon electronic coupling pathways, likely involving a 
mixture of covalent and non-covalent contacts present in their 
three-dimensional structure. Reorganization energies () and 
reaction free energies (GET

0) remain essentially constant in all 
our dyads, supporting the view that the observable weak distance 
dependence of electron transfer rates (kET) is indeed caused by 
unusual electronic coupling effects. 
In a somewhat simplistic picture, the atropisomeric and 
configurationally stable oligo-1,2-naphthylene bridges with their 
helical structures can be regarded as tube-like objects (Scheme 
4a/c), in which the transferring electrons do not strictly follow the 
circular path of the covalent helical coil, but additionally can also 
follow shorter paths along the donor-acceptor direction. This is in 

contrast to previously investigated linear donor-bridge-acceptor 
compounds for which the traditional wire-like and strictly one-
dimensional picture (Scheme 4b/d) is sufficient. 

Scheme 4. (a) Illustration of the tube-like nature of electron transfer in helical 
oligo-1,2-naphthalene structures; (b) wire-like nature of electron transfer in 
traditional systems; (c) space-filling model of an oligo-1,2-naphthalene 
compound comprised of 9 monomer units to illustrate the tube-like nature of the 
structure; (d) space-filling model of a p-phenylene tetramer as a representative 
wire-like system. 

Whilst the oligo-1,2-naphthylene bridges cannot unfold to 
completely open structures and are forced into the tube-like shape, 
some conformational fluctuations remain possible, for example 
librational motions between individual bridge units, or rotation of 
the photosensitizer around the alkynyl-linker. Thus, it remains 
impossible to pinpoint exact pathways even in these 
comparatively rigid structures, but possible shortcuts can readily 
be identified (Figure 4) without the need for major computational 
efforts. Similar shortcuts could occur in many other artificial 
systems where long-range electron transfer takes place, for 
example in compounds with stacked structures or polymer 
systems used for organic solar cells.[26] With conformationally 
more flexible wires such as for example 1,2-phenylenes, 
unfolding would readily occur (Scheme 1c), and a far greater 
ensemble of conformers would be probed on the electron transfer 
timescale.[6] Under these conditions, the insights gained above 
regarding the unusual distance dependence of electronic coupling, 
shortcuts along non-covalent contacts, and tube-like electron 
transfer would not be attainable.[6, 27] 
In conclusion, the unique molecular architecture of our new oligo-
1,2-naphthylenes leads a combination of electron transfer paths 
involving both covalent and non-covalent contacts, the 
superposition of which can be described by the simplistic picture 
of electron transfer within a tube-like object. This manifests in very 
weakly distant-dependent electron transfer rates. We are 
unaware of prior studies that reported similar behavior for other 
types of artificial molecular bridges. 
Current studies are devoted to approaches for increasing 3D 
topological definition to more clearly disentangle the underlying 
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contributions of hopping and tunneling pathways to long-range 
electron transfer. 
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